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Physicochemical and microstructural properties of acidified dairy gels produced with tea 
infusions (ADG), as well as the secondary structure of protein components, were investigated 
to explore the practicality  of using green tea, oolong tea and black tea extracts as an additive 
in milk products. 
Reconstituted skim milk was supplemented with  different levels of  green, oolong or black 
tea infusion (15%, 30%, 45% 60%) and acidified by glucono-δ-lactone (GDL) at 35 ± 1 °C until 
a pH value of 4.55 was reached. The physicochemical and textural properties were measured 
by texture analyser, and the antioxidant capacity of the gels was determined through four 
assays - Total phenolic content (TPC) by Folin-Ciocalteu assay, free radical scavenging ability 
by DPPH assay along with ABTS assay and FRAP assay. The cellular antioxidant activity and 
anti-proliferative activity were conducted on HepG2 cell lines. 
The microstructure of the ADGs was observed using different microscopic techniques (SEM 
(scanning electron microscope) and CLSM (confocal laser scanning microscopy)). The 
secondary structure of proteins in ADGs were assessed by FT-IR, Circular dichroism and X-ray 
diffraction. 
Results showed that  green, oolong and black tea infusions significantly improved the 
antioxidant capacity of the gel system. However, lower phase stability was observed in the 
 iii 
ADG with a high portion of tea infusion (60%), and this appeared to be related  to the water 
holding capacity (WHC) and microstructure. The microstructure of the ADGs observed is  
related to the phase stability and textural attributes.  
The addition of tea extracts had no significant impact on the secondary structure of proteins, 
the addition of oolong tea and black tea extracts significantly changed the particle size of the 
ADG which could be related to the changes of textural properties. 
The results suggest that tea polyphenols improved antioxidant capacity in all samples and 
interactions between tea polyphenols and dairy components improved the texture of ADG 
only at low portions of tea infusion which could due to the changes of Coulombian barrier and 
microstructure as well as the formation of large networks of protein/polyphenols/Ca2+. 
Keywords: Tea polyphenols, Dairy protein, Microstructure, texture, Antioxidant capacity, SEM, CLSM, 
XRD, FT-IR, Circular dichroism, Cellular antioxidant activity, anti-proliferation  
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Free radicals, such as reactive oxygen species (ROS), are being generated in our body 
continually through normal physiological pathways. To counter this, there is an 
antioxidant defence system in our body, comprising of several enzymes (such as iron-
dependent catalase, copper/zinc and manganese-dependent superoxide dismutase and 
selenium-dependent glutathione peroxidase), to detoxify these free radicals (Dinu et al., 
2016; Shahreza, 2017). However, when there is an over-production of free radicals, 
leading to an imbalance between the generation and elimination of free radicals in the 
body, a situation known as oxidative stress occurs (Kontoghiorghes & Kontoghiorghe, 
2019; Perrone et al., 2018). This may result in oxidative damage to cellular components 
and biomolecules, this marks the onset of many degenerative diseases related to ageing 
such as cardiovascular disease, diabetes, cancer or other neurodegenerative diseases 
(Pena-Bautista, Baquero, Vento, & Chafer-Pericas, 2019). As antioxidants play important 
roles in preventing or inhibiting oxidation of cellular components, adequate intake of 
these compounds is beneficial to protect against oxidative damages to the cell. In this 
regard, extracts of many polyphenol-rich plants or herbs, such as tea, are used more often 
either as additive in food industry or consumed directly as a natural source of antioxidants 
(Firuzi, Lacanna, Petrucci, Marrosu, & Saso, 2005).  
 2 
Table 1.1 Main recognized physiological roles of free radical species.  
 
Adapted from Yaribeygi, Atkin, and Sahebkar (2019)  
Material removed due to copyright compliance 
 3 
Traditionally, yoghurt has been consumed as a health food since 6000 B.C. in central Asia 
(Donovan & Shamir, 2014) due to its nutritional properties and taste. The  health benefits 
of yoghurt can be further enhanced by incorporating probiotic strains of lactic acid 
bacteria. Acidified dairy gel (ADG), produced by glucono-δ-lactone (GDL), is  commonly 
used  in research as it has similar physicochemical properties to yoghurt but is easier to 
make, more stable and eliminates potential confusing issues caused by the fermentation  
of microbials (Mession, Roustel, & Saurel, 2017; Rimada & Abraham, 2006; Takeuchi & 
Cunha, 2008). Therefore, ADG was used in this study.  
1.2 Research gaps 
In the last decade, a large portion of research has been focused on protein or its 
hydrolysates from various sources about their foamability and effects on the overall 
texture of food matrix (Buhl, Christensen, & Hammershøj, 2019; López et al., 2019; 
Murray, Durga, Yusoff, & Stoyanov, 2011; Wierenga & Gruppen, 2010) or antioxidant 
capacity (Elias, Kellerby, & Decker, 2008; Jiang et al., 2019; Wen, Zhang, Zhang, Duan, & 
Ma, 2019). Some reseachers have looked at the nutritional values of tea such as anti-
obesity, anti-cancer and body-weight control (Khanchemehr et al., 2019; Ren, Chen, 
Zhang, Lin, & Li, 2019; Sur & Panda, 2017; Suzuki, Pervin, Goto, Isemura, & Nakamura, 
2016; Yang, Zhang, Zhang, Huang, & Wang, 2016). However, only a few papers have 
reported how the interactions between proteins and polyphenols changed the 
antioxidant capacity and texture of the food matrix (Foegeding, Plundrich, Schneider, 
Campbell, & Lila, 2017; Tang et al., 2017). The interactions between dairy and tea 
 4 
components under acidulous environment have not been explored extensively and are 




Figure 1.1 Areas covered in existing research 
 5 
1.3 Aim and objectives of this research 
1.3.1 Aim of this research 
The aim of this study was to understand how tea extracts (rich in antioxidant materials) 
affected the quality of ADGs (structure, texture and antioxidant capacity), and determine 
the interactions between polyphenols and milk components (protein and calcium ions). 
Hence, this research used ADG models containing three types of tea infusions, to 
determine the impacts of the interaction between tea infusion and dairy ingredients on 
the microstructure, texture, and antioxidant activity of the model gel through 
acidification. Therefore, the optimum tea infusion content was used in this research, and 
further research illustrated how the additions of tea infusion under an acidulous 
environment affect the microstructure of the acidified dairy gels. The stability of acidified 
dairy gels were also investigated through a 28-day cold storage (4 °C).  
1.3.2 Objectives of this research 
1) Explore the effects of polyphenols-rich extracts from tea on yoghurt texture; 
2) Research the changes of antioxidant capacity in ADG when a tea infusion was added as 
an additive; 
3) Understand the interaction between tea polyphenols and dairy components using an 
ADG system; 
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4) The effect of interaction between tea polyphenols and dairy components on 
microstructure of ADG. 
1.4 Thesis structure 
 




2.1 Free radicals and antioxidants 
2.1.1 What are free radicals 
The theory of free radicals being responsible for ageing was first proposed by Denham 
Harman in the 1950s which presumed that free radical compounds, and related oxidants, 
from the environment or internal metabolism, can damage the constituents of the  
constituents, and over time result in an accumulation of structural and functional damage 
(Pomatto & Davies, 2018). A free radical can refer to any molecular species which exists 
independently and contains an unpaired electron in an atomic orbital (Lobo, Patil, Phatak, 
& Chandra, 2010). Free radicals are generally unstable and reactive due to the unpaired 
electron.  They can act as either oxidants or reductants depending on whether they 
donate or accept an electron from other molecules.  
Hydroxyl radical (·OH), superoxide anion (O2·−), hydroperoxyl radical (HO2·), singlet 
oxygen (1O2·), nitric oxide radical (·NO), and nitrogen dioxide radical (·NO2), and 
peroxynitrite radical (·ONO2) are the most important oxygen-containing free radicals 
relating to many disease states (Zukowski, Maciejczyk, & Waszkiel, 2018). These are highly 
reactive molecules which might cause biological damage to DNA, proteins, carbohydrates, 
and lipids due to their attack onto all kinds of important macromolecules in the body 
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leading to cell damage and homeostatic disruption. Nucleic acids, lipids, and proteins are 
the major targets among all objectives (Naik, Prakash, & Thomas, 2018). 
2.1.2 Main sources in human body 
Free radicals and other ROS are derived either from normal essential metabolic processes 
in the human body or from external sources such as exposure to X-rays, ozone, cigarette 
smoking, air pollutants, and industrial chemicals. 
Sources of free radicals generated internally are:  
• Mitochondria 





• Arachidonate pathways 
• Exercise 
• Ischaemia/reperfusion injury 
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sources of free radicals generated externally are: 
• Cigarette smoke 
• Environmental pollutants 
• Radiation 
• Certain drugs, pesticides 
• Industrial solvents 
• Ozone 
(Biswas, Das, & Banerjee, 2017; Lobo et al., 2010) 
2.2 Overview of tea 
2.2.1 History, classification and consumption of tea 
There is increasing evidence that phenolic compounds found in plants can assist in 
fulfilling general healthy eating recommendations. Since ancient times, tea has been 
considered as a traditional Chinese medicine, representing a healthful beverage which  
rich in specific phenolic compounds including flavonoids (Chen, Zhao, Fang, & Wang, 
2007; Monteiro & Peluso, 2017).  
Tea was once treated as a food resource during the “Spring and Autumn” Period (770 
B.C.- 476 B.C.) in China and firstly utilized as a kind of Chinese medicine in Pre-Qin Period 
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(476 B.C.- 221 B.C.). Later on, some minorities in southwest China started to brew tea 
leaves in boiled water as tea-drinking. Tea-drinking, originated in the Three Kingdom 
Period (220- 280 A.D.), and  spread more widely in the Tang Dynasty (618- 907 A.D.) after 
the Classic of Tea was published by Lu Yu (733- 804 A.D.)  (Li, 1993).  
The basic steps of manufacturing the various forms of teas are similar, except in the 
development of their aroma and in the fermentation process, which depends on the 
oxidation states of catechins present in tea leaves (Horanni & Engelhardt, 2013). For most 
common teas (black, green and oolong tea), green tea has not undergone the same 
withering and oxidation process used to make oolong teas and black teas which makes it 
non-oxidized tea. Oolong tea is defined as semi-oxidized tea with a degree of oxidation 
between green tea and black tea. Black tea is fully oxidized and has a stronger flavour 
than green tea and oolong tea. Each type of tea is classified in subclasseses in terms of  





Figure 2.1 Processing of different types of tea (Feng et al., 2019; Wang et al., 2016; Zheng et al., 
2018). 
World tea production reached 5.73 million tonnes in 2016. China remains the largest tea 
producing country with an output of 2.44 million tonnes, accounting for more than 42 
percent of the world total, while production in India, the second largest producer, 
increased to reach 1.27 million tonnes in 2016. World tea exports reached 1.75 million 
tonnes and total tea consumption increased to 5.5 million tonnes in 2016 (United Nations, 
2018).  
Of the tea produced worldwide, 78% is black tea, which is usually consumed in the 
Western countries, 20% is green tea, which is commonly consumed in Asian countries, 
and 2% is oolong tea which is produced mainly in southern China (Naumovski et al., 2019; 
Yang & Landau, 2000). Tea has become the second most commonly consumed beverage 
worldwide, only water is drunk more frequently (Hayat, Iqbal, Malik, Bilal, & Mushtaq, 
2015; Wei et al., 2018; Zhang et al., 2014). 
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2.2.2 Characteristic components in tea  
Like most herbs, the precise composition of green tea varies with the geographic origin 
of the leaf, the time of harvest, climate and processing techniques (Alaerts et al., 2012). 
The most abundant components in dried tea leaves are polyphenols which can be up to 
25%, principally flavonols (including catechins) and flavones. The leaves also contain 
about 4% plant alkaloids including caffeine, theobromine, and theophylline. Other 
components include proteins, carbohydrates and minerals (including fluoride and 
aluminium) (Aroyeun, 2013; Balentine, Wiseman, & Bouwens, 1997; Yang & Landau, 
2000).  
2.2.3 Bioactivities of tea 
Tea is popular because of its aroma and  taste as well as its potentially health promoting 
properties therefore it is considered healthy by traditional Chinese medicine (Cabrera, 
Artacho, & Gimenez, 2006). Various plants and their constituents have been shown to 
have beneficial therapeutic effects, including antioxidant, anti-inflammatory, anti-cancer, 
and immunomodulatory effects, with tea (Camellia sinensis) being one of them. 
According to the study of Butt and Sultan (2009), the biological activity of green tea is due 
to different compositions of catechins and epigallocatechin gallate (EGCG) which have  
been identified as the principal antioxidant contributing approximately 30% of the total 
antioxidant capacity of green tea and also recognized as the major and potentially 
effective chemopreventive agent in green tea leaves (Darvesh & Bishayee, 2013; Shimizu 
et al., 2015). 
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Paveto et al. (2004) suggested that green tea exerts anti-fungal and anti-Trypanosoma 
cruzi activities. Micronutrients such as antioxidants have shown several therapeutic 
potentials against various health risks such as cardiovascular disease, diabetes and cancer 
(Yang, Wang, & Sheridan, 2018; Yoshihara, Fujiwara, & Suzuki, 2010). Meanwhile, it has 
been demonstrated that EGCG, a natural compound found in abundance in many foods, 
especially in green tea, inhibits in vitro entry of the ZIKA virus and the chikungunya virus 
into their host cell (Carneiro, Batista, Braga, Nogueira, & Rahal, 2016; Weber, Sliva, von 
Rhein, Kümmerer, & Schnierle, 2015). 
Green tea contains polyphenols (the major component in green tea), which represent a 
group of chemicals known as catechins. Catechins are reported to exhibit antioxidant, 
antimicrobial, anticollagenase, antimutagenic, and chemopreventive properties. Studies 
in cell lines have also shown that tea catechins can affect a variety of signalling and 
metabolic pathways. These molecular events could result in cancer cell growth inhibition, 
apoptosis, and inhibition of invasion, angiogenesis, and metastasis (Yang & Wang, 2010). 
Albuquerque et al. (2016) also demonstrated that green tea supplementation could 
restore the main changes to neutrophils induced by obesity in obese rats. There is growing 
evidence to suggest a beneficial role of green tea in oral health. It has been reported that 
green tea protects against bacterial-induced dental caries (Han, Hwang, & Park, 2016).  
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2.3 Introduction of yoghurt 
2.3.1 Definition of yoghurt 
Yoghurt has long been known in human history as a way of preserving milk. According to 
the Food Standards Australia New Zealand (FSANZ) (2002) Standard 2.5.3, yoghurt is 
defined as “fermented milk where the fermentation has been carried out with 
Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus with or 
without lactic acid producing micro-organisms where they have to be viable during shelf 
life at pH 4.5 with minimum protein content (measured as crude protein) of 30 g/kg”. The 
addition of probiotics is a common practice in yoghurt manufacture to improve the 
nutritional status of the product and the health promoting effects on consumers (Heydari 
et al., 2018; Mousa, Liu, Chen, Zhang, & Chen, 2014). 
Fermented dairy products containing probiotic lactic acid bacteria and Bifidobacteria are 
one of the best-known examples of functional foods (Yadav, Jain, & Sinha, 2007). Despite 
the distinctive acidity of natural yoghurt, the consumption of yoghurt or other cultured 
milk products is believed to have additional health promoting benefits to the host 
(Kosasih, 2011). 
The microstructure of yoghurt gels has been observed using confocal scanning laser 
microscopy (CSLM) (Skytte et al., 2015). CSLM studies on acid gels have shown that these 
gels consist of a coarse particulate network of casein particles linked together in clusters, 
chains and strands. 
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2.3.2 Bioactivities of yoghurt 
Probiotic yoghurt enriched with B. lactis Bb12 and L. acidophilus La5 has shown the ability 
of modulating total cholesterol and low-density lipoprotein cholesterol concentrations in 
type 2 diabetic people and may contribute to the improvement of cardiovascular disease 
risk factors (Ejtahed et al., 2011). The research of Jin et al. (2016) revealed that κ-CN and 
β-CN improved the diversity of peptides during the fermentation process and 
gastrointestinal digestion. 
A recent study, attributed “glow of health” to the yoghurt, found that feeding of probiotic 
bacteria to aged mice induced integumentary changes mimicking peak health and 
reproductive fitness characteristic of much younger animals. Eating probiotic yoghurt 
triggered epithelial follicular anagen-phase shift with sebocytogenesis resulting in thick 
lustrous fur due to a bacteria-triggered interleukin-10-dependent mechanism. Aged 
female animals eating probiotics exhibited increased subcuticular folliculogenesis when 
compared with matched controls. Female animals also displayed probiotic-induced 
hyperacidity coinciding with shinier hair, a feature that aligns with fertility in human 
females (Levkovich et al., 2013).  
Other benefits of yoghurt include improvement of nutritional status (Clerfeuille et al., 
2013), maintenance of health (Sanders, 2008), the prevention and treatment of acute 
diarrheal disease (Eren, Dinleyici, & Vandenplas, 2010; Morelli, 2014), and the prevention 
or treatment of chronic diseases such as elevated blood pressure, weight gain, and 
metabolic diseases  (Garcia et al., 2017; Ivey et al., 2011; Park & Cifelli, 2013; Szulinska et 
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al., 2017; Vergnaud et al., 2008; Wang, Livingston, Fox, Meigs, & Jacques, 2013; Yang et 
al., 2018).  
2.3.3 Overview of probiotics 
Probiotics are live micro-organisms that when administered in quantities sufficient confer 
a health benefit (FAO/WHO, 2001). As a whole, the world population is becoming more 
conscious of the relationship between nutrition and good health and as a result 
throughout the world the consumption of probiotic foods has increased greatly in recent 
years. In Europe the probiotic sector involves a total of 1.4 billion euros, led by yoghurts 
and desserts, accounting for approximately 72% of the total probiotics consumed 
(Saxelin, 2008). This has stimulated an increase in research focussing on the identification 
of food and food components that have health benefits to the consumer. As a result of 
these efforts, probiotic products have come into the market, which are identified as 
functional foods. These include foods containing phytochemicals, dietary fibre, structural 
lipids, bioactive peptides, polyunsaturated fatty acids (Agrawal, 2005; Aguilar-Toala et al., 
2018; Tsuda, 2018). 
Clinically proven consequences of consuming probiotic bacteria, include the following: 
anti-carcinogenic and anti-mutagenic activities, combating infection by Heliobacter pylori, 
treatment of the inflammatory bowel disease, prevention and treatment of 
gastrointestinal disorders, increase in activity of the immunological system, antimicrobial 
activity, reduction of lactose intolerance, and reduction in blood cholesterol levels 
(Agrawal, 2005; Shah, 2007). Recently, there have been reports on the potential benefit 
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of probiotics for human skin (Krutmann, 2009) and against colds and flu (Leyer, Li, 
Mubasher, Reifer, & Ouwehand, 2009). 
2.4 Previous research on tea-yoghurt systems 
2.4.1 Interaction of polyphenol-dairy protein system 
In recent years there has been an increased interest in determining the reactions of milk 
proteins with some functional groups of other compounds in food. For example, cross-
linking of milk proteins is regarded as important, because of its potential effects on the 
textural properties of milk products. The cross-linking effect of green tea flavonoids on 
milk proteins can be used for manufacturing novel milk products with the desired textural 
properties (Yuksel, Avci, & Erdem, 2010). Polyphenols are well known to bind to proteins 
in solution and to form complexes whose properties depend on the structure, 
concentration and ratio of both the polyphenol and the protein (Jongberg, Lund, Skibsted, 
& Davies, 2014). In spite of the numerous studies relating the nature of the polyphenol-
protein interaction in solution, the understanding of this reaction is still partial because 
of the great diversity of the structures of polyphenolic compounds and proteins (Acuie-
Beghin, Sausse, Meudec, Cheynier, & Douillard, 2008; Ren et al., 2018; Yang, Wang, Wang, 
Xia, & Wu, 2019). 
Tea polyphenols were weakly bound to both α-casein and β-casein in solution based on 
the spectroscopic results and docking studies of Hasni et al. (2011a). The binding order 
increases together with the number of OH groups with C ≈ EC > EGC > EGCG.  β-Casein 
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formed stronger complexes with tea polyphenols than α-casein, due to the hydrophobic 
nature of β-casein. Polyphenol-casein interaction is more hydrophobic than hydrophilic 
(Acuie-Beghin et al., 2008; Yazdi, Corredig, & Dalgleish, 2014). Binding between 
polyphenols and casein altered casein secondary structure with a major decrease in α-
helix and β-sheet accompanied by an increase in random coil and turn structures which 
led to more protein unfolding. The casein structural changes may be a major factor in the 
effect of milk on the antioxidant activity of tea polyphenols (Hasni et al., 2011b). Similarly, 
Kanakis et al. (2011a) found that tea polyphenols could weakly bind to β-lactoglobulin (β-
LG) in solution. Both hydrophobic and hydrophilic interactions were observed in the 
polyphenol- β-LG complexation and the binding altered protein secondary structure with 
an increase in β-sheet and α-helix, led to protein structural stabilisation. Therefore, the 
β-LG structural changes could be a major factor in the effect of milk on the antioxidant 
capacity of tea polyphenols. Work by Ye et al. (2013) reached a similar conclusion in which 
they stated that Casein micelles are more likely to bind highly polymerized polyphenols 
while whey proteins are prone to bind and transport smaller molecules. A gallate group 
in catechins and the cis-form enhance the catechin–casein interaction but a pyrogallol 
group weakens the interaction. The interactions between β-casein and polyphenols 
transformed the secondary structures of β-casein by interrupting the native irregular 
structures of random coil and the large loop and the increase of α-helix, intra β-sheet and 
turn structures (Condict, Kaur, Hung, Ashton, & Kasapis, 2019). 
Sabouri, Geng & Corredig, (2015) demonstrated that EGCG molecules associated with 
caseins when adsorbed at an oil-water interface, and such interfaces could load high 
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ratios of EGCG to protein. Caseinate-stabilized emulsion could therefore be used as a 
platform for the delivery of tea polyphenols. The stability, size, and charge of the emulsion 
particles were not affected by the presence of EGCG. In addition, there were no 
differences in the amount of sodium caseinate adsorbed at the sodium caseinate–EGCG 
interface compare to sodium caseinate interface, although the complex formed affected 
the viscoelastic properties of the protein layer formed at the interface. This finding could 
be significant in the development of dairy based beverages containing tea polyphenols. 
2.4.2 Interaction of polyphenol-dairy lipid system 
Literature has also focused on the interactions between polyphenol and dairy lipid. For 
instance, Gulseren & Corredig (2013) investigated the  ability to encapsulate tea 
polyphenols and physical properties of liposomal dispersions (10%) which were prepared 
using high-pressure homogenization. The results suggest that milk phospholipids could 
be employed to prepare tea-polyphenol-bearing liposomes and that the tea catechins 
may be incorporated in the milk phospholipid bilayer more efficiently than in the case of 
a soy phospholipid bilayer. They indicated that it might be possible to optimize the 
polyphenol release (rate and duration of release) and liposomal stability (changes in size 
and surface charge) through simple physical manipulation in order to generate high 
performance polyphenol delivery vehicles that retain functionality in food products and 
demonstrate maximum biological functionality. 
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2.4.3 Interaction of polyphenol-protein-fat globule system 
Zhang et al. (2012) studied the effects of the interactions between milk components and 
jujube juice using produced skimmed milk, milk fat, and whole milk, respectively. The 
bioavailability of phenolics and the plasma antioxidant capacity were studied using a rat 
model for 8 h after the consumption of jujube juice with and without milk components in 
rats. The addition of skimmed milk to jujube juice resulted in significant changes in the 
plasma kinetics profile of phenolics, rather than affecting the overall absorption. Milk fat 
did not interact with jujube juice phenolics. However, when jujube juice was ingested with 
whole milk, a significant reduction of the bioavailability of phenolic components and an 
increase in plasma antioxidant capacity was observed.  
A consistent increase in the median diameters of the emulsions indicated the formation 
of complexes of proteins, fat, and phenolic compounds during digestion. An increase in 
the plasma antioxidant capacity was observed after jujube juice consumption compared 
to the initial time and a good correlation between antioxidant capacity and phenolic levels 
was found. The research of Zhang et al. (2012) indicated that the plasma antioxidant 
capacity was associated with the content of polyphenols. In addition, milk ultrafiltration 
showed no significant effect on neither the bioavailability nor the antioxidant activity of 
jujube juice phenolic in rats based on the results of different milk preparations. Therefore, 
the effect of the constituents of milk in these preparations other than proteins and fats 
can be neglected.  
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It has been found that polyphenols have a significant affinity for proteins and peptides 
that contain a high proportion of proline residues in their sequences (Rashidinejad, Birch, 
& Everett, 2016). Due to the high amount of proline present in milk proteins, it could be 
expected that additional interactions between polyphenols and peptides may present 
during the early digestion and which could be a hindrance to the polyphenol’s absorption 
through the intestinal brush border.  
2.4.4 The complex of polyphenol-dairy components in digestion experiments 
The addition of the tea extracts to dairy matrices promoted formation of polyphenol-
protein complex which significantly improved polyphenol stability in a simulated 
gastrointestinal environment and enhanced the antioxidant activity (Bandyopadhyay, 
Ghosh, & Ghosh, 2012). The health effects of green tea polyphenols could be harnessed 
by ensuring that their biological properties are preserved. For instance, they could 
prevent the oxidation of vitamins and other nutrients to preserve higher quality nutrient 
intake. The structure of the dairy matrix was an important factor influencing protein and 
lipid digestion as well as bioaccessibility of polyphenols from the green tea extract. Liquid 
and semi-liquid matrices such as milk and yoghurt were more easily digested and 
therefore showed greater polyphenol bioaccessibility after digestion (Lamothe, Azimy, 
Bazinet, Couillard, & Britten, 2014). 
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2.4.5 The influences of interactions between polyphenol and dairy 
components on textural property in yoghurt 
A  study of Wang, Kristo, and LaPointe (2019) reported the possible influences of 
interaction between phenolic and dairy components on physical properties in an apple 
pomace-yoghurt system. Their results indicated the addition of apple pomace in low 
volume (≤1% w/w) increased the firmness, cohesiveness and consistency of the yoghurt 
(p < 0.05) which could be explained by the reinforcement of gel at low temperature. The 
study also found that the increase of firmness was mainly attributed to the increase of 
total solids contributed by apple pomace, as well as the interactions between apple 
particles and the dairy protein matrix, resulting in a denser and more rigid gel structure 
which is supported by the results of O'Shea, Arendt, and Gallagher (2012) and 
Puvanenthiran, Stevovitch-Rykner, McCann, and Day (2014). The studies above suggested 
that low volume polyphenols could improve the texture of yoghurt as a new additive.   
2.4.6 The application of acidified dairy gel as a simulate yoghurt sysytem  
Glucono-δ-lactone (GDL) is a legal additive in food industry as a coagulant and pH control 
agent. Compared with other food acids, GDL provides a gradual, progressive, and 
continuous decrease of pH to equilibrium due to its slow hydrolysis to gluconic acid. 
Therefore, it is used as a slow release acidifier. During its hydrolysis, the initial sweet taste 
becomes slightly acidic, making the final flavour of aqueous solution less tart than that of 
other acidifiers (Chen, Chen, & Lin, 2004; Mession et al., 2017). Due to the slow 
 23 
acidification by GDL which is similar to the fermentation progress of yoghurt, a GDL-
induced acidified dairy gel system to mimic yoghurt matrix could be created.  
2.4.7 Secondary stucture of tea-ADG system  
2.4.7.1 Fourier transform infrared spectroscopy (FT-IR) spectrum 
Normally, the differences in four regions (water region (3500 to 3000 cm-1), amide I (1700 
to 1600 cm-1), amide II (1600 to 1500 cm-1) and amide III (1400 to 1200 cm-1)) are used for 
the determination of the secondary structure of proteins (Guerrero, Kerry, & de la Caba, 
2014). 
The amide I vibration, absorption near 1650 cm-1, arises mainly from the C=O stretching 
vibration with minor contributions from the out of phase casein (CN) stretching vibration, 
the C-CN (calcium casein) deformation and NH in plane bend. The latter is responsible for 
the sensitivity of the amide I band to N-deuteration of the backbone. In proteins, the 
extent to which the several internal coordinates contribute to the amide I normal mode 
depends on the backbone structure. The amide I vibration is hardly affected by the nature 
of the side chain. It depends however on the secondary structure of the backbone and is 
therefore the amide vibration that is most commonly used for secondary structure 
analysis (Goormaghtigh, Gasper, Benard, Goldsztein, & Raussens, 2009). 
The amide II mode is the out of phase combination of the N-H in plane bend and the C-N 
stretching vibration with smaller contributions from the C=O in plane bend and the C-C 
and N-C stretching vibrations. As for the amide I vibration, the amide II vibration of 
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proteins is hardly affected by side chain vibrations but the correlation between protein 
secondary structure and frequency is less straightforward than for the amide I vibration. 
Nevertheless, it provides valuable structural information and secondary structure 
prediction can be done with the amide II band alone. 
The amide III mode of NMA (N-methyl acetamide) is the in-phase combination of the N-
H bending and the C-N stretching vibration with small contributions from the C=O in plane 
bending and the C-C stretching vibration. In polypeptides, the composition of this mode 
is more complex, since it depends on side chain structure and since N-H bending 
contributes to several modes in the 1400 to 1200-cm−1 region. In spite of side chain 
contributions to the amide III mode, this mode can be used for secondary structure 
prediction upon N-deuteration. 
2.4.7.2 Circular dichriosm (CD) spectrum 
CD spectrum is widely used for determination of secondary structure of protein. Circular 
dichroism is the difference in the absorption of left-handed circularly polarized light (L-
CPL) and right-handed circularly polarized light (R-CPL) and occurs when a molecule 
contains one or more chiral chromophores (light-absorbing groups) (Kelly, Jess, & Price, 
2005). 
Measurements carried out in the visible and ultra-violet region of the electro-magnetic 
spectrum monitor electronic transitions, and, if the molecule under study contains chiral 
chromophores then one CPL state will be absorbed to a greater extent than the other and 
the CD signal over the corresponding wavelengths will be non-zero. A circular dichroism 
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signal can be positive or negative, depending on whether L-CPL is absorbed to a greater 
extent than R-CPL (CD signal positive) or to a lesser extent (CD signal negative) (Berova, 
Di Bari, & Pescitelli, 2007). 
2.4.7.3 Dynamic light scattering (DLS) 
Dynamic light scattering (DLS) is commonly used for determining the characteristics of 
colloidal suspensions. The geometrical structure and state of motion of small particles can 
be measured base on scattering light. As DLS measures the apparent hydrodynamic radii 
of particles, it is well adapted to measure not only the basic sizes of particles but can also 
be used to determine changes in their sizes as a result of processing. Milk is an ideal 
subject for DLS, due to the minuteness of protein particles (the casein micelles), as they 
are unable to be observed by light microscopy but large enough to scatter light strongly 
(Alexander & Dalgleish, 2006). Therefore, the DLS measurement is useful for determining 
the characteristics of tea-ADG system. 
The secondary structure and particle size of protein molecules are important in terms of 
microstructure and stability of the food matrix. FT-IR spectroscopy is one of the most 
versatile analytical tools used across various disciplines including the secondary structure 
determination of protein. The CD spectroscopy are well known non-destructive technique 
for structural characterization of proteins and polypeptides while the DLS is one of the 
most popular light scattering techniques because it allows the measurement of particle 
sizing down to 1 nm diameter. To obtain a comprehensive understanding of the ADG, FT-
IR, CD and DLS were used in our study.  
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Materials and methods 
3.1 Materials  
Skimmed milk powder (SMP, fat 1.2%, protein 33.0%, Pams, New Zealand), bagged black 
tea (premium Ceylon tea, Dilmah, Peliyagoda, Sri Lanka) and loose green tea leaves (Tea 
Ren Tea Co., Ltd., Taiwan, China) were purchased locally. Loose oolong tea (Dancong tea) 
leaves were provided by Chaoshan Kongfu Tea Co., Ltd. (Guangdong, China). All tea 
samples were packed in vacuumed aluminum foil mylar bags and stored in cool and dry 
condition. DPPH (2,2-Diphenyl-1-picrylhydrazyl), ABTS (2,2-Diphenyl-1-picrylhydrazyl), 
TPTZ (2,4,6-Tris(2-pyridyl)-s-triazine) and gallic acid were purchased from Sigma, USA. 
Trolox (6-hydroxy-2,5,7,8-tetramethylchloromane-2-carboxylic acid) was purchased from 
Acros Organic (NS, USA). Phosphate buffered saline was purchased from Oxioid Ltd., 
Hampshire, England). Methanol was purchased from ECP-Laboratory Reagent (Auckland, 
New Zealand). D-Hank’s solution was purchased form Hao Yang Biological Manufacture 
Co., Ltd (Tianjin, China). William’s Medium E (1) was purchased form Gibco, Life 
Technologies Ltd. (NY, USA). Catechin, caffeic acid, (-)-epicatechin, (-)-epigallocatechin 
and (-)-epicatechin gallate were purchased from Aladdin Co. (Shanghai, China). 
Acetonitrile were of HPLC grade. Acetic acid was of analytical-reagent grade. Ultrapure 
water was generated by a Milli-Q water purification system. All other reagents were of 
analytical grade. 
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3.2 Technical route 
Abbreviations: 
GDL: Glucono delta-lactone 
Cell test: Cellular antioxidant activity test and anti-proliferation test   
HPLC: High performance liquid chromatography 
TPC: Total phenolic content 
AC: Antioxidant capacity (DPPH, FRAP, ABTS)  
SE: Sensory rvaluation 
WHC: Water holding capacity 
3.3 Methods 
3.3.1 Preparation of tea infusion 
Bagged black tea, and loose tea leaves for oolong tea and green tea, were used to make 
tea infusions. One tea bag (containing 2 g of tea), or 2g loose tea leaves, per 100 mL RO 
(reverse osmosis) water was extracted using of 85 °C (RO) water for 15 min in a water 
bath. After infusion, the bags and tea leaves were removed and filtered by filter paper 
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(Whatman, grade No. 541) and the solutions were cooled to 40 °C in ice water for further 
experiments (Yuksel et al., 2010). 
3.3.2 Heat treatment and acidification 
The glucono-δ-lactone (GDL) gels were made according to Vega and Grover (2011). 
Reconstituted skim milk, as the principle model substrate, was made from SMP and tea 
infusion. All skimmed milks contained 3.3% protein, 0.12% fat  and 9.1% total solids. The 
reconstituted skim milks containing 0%, 15%, 30%, 45% and 60% (w/w) of tea infusion 
were made before acidification. Different concentrations of reconstituted milk were used 
to ensure the final tea-milk had same level of total solids content (10% w/w).  The 
proportion of tea infusion in the mixture was altered to give the appropriate content of 
tea extracts in tea-milk mixture. The reconstituted milk was heated in a water bath at 85 
°C for 20 min. After rapidly cooling to 40 °C in an ice water bath and mix with tea infusions, 
GDL (1.3% w/w) was added and dissolved. The reconstituted milks containing different 
levels of tea extracts were incubated at 35 °C until pH 4.55 was reached. The formed set 
gels were cooled to 4 ± 1 °C for further analysis and were homogenized to make stirred 
gels. The samples were subjected to Texture Profile Analysis (TPA) directly after 
production and other experiments were carried out after 1, 7, 14, 21 and 28 days of cold 
storage at 4 °C. 
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3.3.3 pH and Ca2+ content measurement 
The pH of ADG was determined using a calibrated digital pH meter (SevenEasy pH, 
Mettler-toledo GmbH, Schwerzenbach, Switzerland).  
The free Ca2+ content in ADG system was determined by a portable Calcium Ion Selective 
Electrode (B-751, LAQUAtwin Calcium Ca++ Ion Meter, Horiba, Japan).  The Horiba B-751 
LAQUAtwin Calcium Ion Meter is a compact meter for a quick measurement of calcium 
ion using a flat sensor with ion selective membrane which delivers a reliable and direct 
measurement of a drop of the sample from 0.3mL. The instrument was calibrated daily 
with 150 & 2000ppm calcium standards included in the kit (Kosasih, Bhandari, Prakash, 
Bansal, & Gaiani, 2016). 
3.3.4 Texture characteristics 
Textural attributes of set gel. The TPA of set ADG was carried out using Texture Analyser 
TA-XT2 (Stable Micro Systems, UK) according to Vercet, Oria, Marquina, Crelier, and 
López-Buesa (2002) with slight modifications. The samples were analysed at 15 °C. The 
texture analyses were performed, using 5 Kg load cell, by two sequential compression 
events separated by a 5 s stop interval (10 mm penetration at 1 mm/s, P/25 aluminium 
cylinder probe and trigger force was 10 g). Hardness and adhesiveness values were 
calculated from the obtained profiles using the software provided by Stable 
Microsystems. Hardness (g) is first peak force and adhesiveness (g·s) is curve area above 
negative peak. Firmness (g) and cohesiveness (g) are related with, respectively, maximum 
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and minimum force obtained during extrusion of the ADG sample through the annular 
gap between the probe and jar wall (Najgebauer-Lejko, Zmudzinski, Ptaszek, & Socha, 
2014).  
Textural attributes of stirred gel. The textural properties of stirred gel was characterized 
by back-extrusion method described by Ciron, Gee, Kelly, and Auty (2010b). A 5 Kg load 
cell was used and the samples were tested in cylinder pot (50 mm internal dia.) at 15 °C, 
using an extrusion disc (Ф = 35mm) operating at a fixed speed of 1.0 mm/s to a depth of 
30 mm. Firmness and cohesiveness values were calculated from the obtained profiles 
using the software provided by Stable Microsystems. 
3.3.5 phase stability 
The water holding capacity (WHC) and syneresis rate of the ADG were measured 
according to the method of Ciron et al. (2010b) with some modifications. Gel samples (1.0 
g) in 1.5-mL Axygen® microtubes were centrifuged at 15,000 × g) for 15 min at 25 °C using 
a Heraeus® Multifuge X3R centrifuge (Heraeus Co., Hanau, Germany); WHC was 
expressed as % (supernatant/sample, w/w).  
The determination of the extent of syneresis (EOS) was carried out by placing stirred ADG 
samples (1.0 g) in 1.5 mL tubes and then centrifuged at 101 × g for 60 min at 5 °C; EOS 
was expressed as % (pellet/sample, w/w). Quadruplicate measurements were made for 
the determination of WHC and EOS of the stirred ADGs. 
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3.3.6 Antioxidant capacity evaluation 
Sample extraction. The sample (1 g) was placed in a 50 mL plastic pot with 20 mL 50% 
methanol solution and stirred overnight (speed 3, RT 15 Power 15-position analogue 
hotplate stirrer, IKA, Staufen Im Breisgau, Germany) at ambient temperature. The 
supernatant of samples was collected after centrifugation (2500 × g for 20 min). Extracts 
were stored at -20 °C until required.  
Total phenolic content (TPC). Folin–Ciocalteu method is widely used in routine analysis 
(Turkmen, Sari, & Velioglu, 2006) The TPC of the sample extracts was determined 
spectrophotometrically in triplicate using Folin-Ciocalteu (F-C) reagent according to the 
method described by Deng et al. (2013) with slight modifications. A 500 µL Sample was 
added to a test tube followed by 2.5 mL of 0.2 M Folin-Ciocalteu reagent and 2.0 mL of 
sodium carbonate (7.5 g/100 mL). The sample was mixed thoroughly and stored in the 
dark for 2 h before the absorbance was measured at 760 nm using VWR V-1200 
Spectrophotometer (VWR International Co., Pennsylvania, USA). TPC was expressed as 
mg gallic acid equivalents (GAE) per 100 g of fresh material.  
DPPH assay. The DPPH radical scavenging activity was assayed by the method used by Al- 
Al-Dabbas et al. (2007). DPPH was dissolved in methanol at a concentration of 0.1mM. To 
500 μL of sample extract, 1 mL 0.1mM DPPH solution and 1.5 mL of methanol were added 
and mixed by vortex. The absorbance was measured at 517 nm (VWR International Co., 
Pennsylvania, USA) after the solution was kept at room temperature for 30 min in the 
dark, methanol was used as the control. The DPPH radical scavenging activity was 
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expressed as mg Trolox equivalents (TE) per 100 g of fresh material.  
Ferric reducing/antioxidant power (FRAP) assay. FRAP was assessed according to 
Khanizadeh, Tsao, Rekika, Yang, and DeEll (2007) with slight modifications. A fresh 
working solution of FRAP reagent was prepared each time by mixing acetate buffer (300 
μM, pH 3.6), a solution of 10 mM TPTZ in 40 mM HCL, and 20 mM FeCl3•7H2O at 10:1:1 
(v/v/v). A 250 μL aliquot of an iron (II) sulphate (FeSO4•7H2O) standard or sample extract 
was added to 2.5 mL of the FRAP reagent and the absorbance at 593 nm recorded 
immediately after the addition of the sample and again after 2 h incubation at 37 °C (Le, 
2012). The results were expressed as μmol Fe2+/g sample.  
ABTS radical scavenging capacity. The ABTS radical scavenging assay was based on the 
method of Elfalleh et al. (2009). ABTS•+ was prepared by mixing colourless ABTS stock 
solution (7mM in water) with 2.45 nM potassium persulfate and then maintaining the 
reaction for 16 hours in the dark at room temperature. On the day of analysis, the ABTS•+ 
solution was diluted with PBS (phosphate buffer saline) (pH 7.4) to an absorbance of 0.70 
(± 0.02) at 734 nm and 3 mL transferred to a cuvette. After the addition of 300 μL Trolox 
or sample extract, the mixture was well mixed, allow to stand 6 min and absorbance read 
at 734nm. The results were expressed as Trolox equivalents (TE). 
3.3.7 Microstructure of ADG 
Scanning electron microscope (SEM). The bulk microstructure characteristic method was 
developed according to Kalab (1979). Approximately 3 mm3 cubes of chilled samples were 
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coated in a thin layer of low melting point agarose (3%) before being placed into primary 
fixative (3% glutaraldehyde 0.1M sodium cacodylate buffer, pH 7.2) for at least 8 hours at 
ambient temperature. The samples were then washed three times (10-15 minutes each) 
in sodium cacodylate buffer (0.1M, pH 7.2) followed by post fixation in 1% osmium 
tetroxide (in sodium cacodylate buffer) for 1 hour at room temperature and another three 
buffer washes. Finally, the samples were dehydrated in a graded ethanol series (25%, 
50%, 75%, 95% and 100%) for 12.5 ± 2.5 min each before a final 100% ethanol wash for 1 
h. 
Samples were critical point dried using liquid CO2 as the CP (pressure coefficient) fluid and 
100% ethanol as the intermediary (Polaron E3000 series II critical point drying apparatus). 
Samples were torn to expose their structure, mounted on to aluminium stubs, sputter 
coated with approximately 200nm of gold (Baltec SCD 050 sputter coater) and viewed in 
the FEI Quanta 200 Environmental SEM at an accelerating voltage of 20kV (Domagala, 
2009) . Analyses of ADG microstructure were conducted at Massey University, Palmerston 
North, New Zealand. 
Confocal laser scanning microscopy (CLSM) methods. The planar microstructure of the 
protein arrangement in ADG was investigated using CLSM. The method was adapted from 
(Ciron et al., 2010b) with modifications. A small amount of sample was placed in a cavity 
slide and 40 μL each of 0.2 g/L Nile red (in methanol) and fast green (in water) were added 
before being covered with a coverslip. 
Imaging was carried out using the Leica DM6000B SP5 confocal laser scanning microscope 
system with LAS AF software (version 2.7.3.9723; Leica Microsystems CMS GmbH). 
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Images were acquired with an HCX PL APO CS 10x (N.A. 0.40), HCX PL FLUOTAR 40x (N.A. 
0.75) and HCX PL APO CS 100x oil (N.A. 1.40). Nile red and fast green were sequentially 
imaged through excitation at 488nm (argon laser) and 633nm (HeNe 633 laser) 
(respectively) and emission collection at 498-569nm and 643-787nm (respectively).  
3.3.8 X-ray diffraction (XRD) 
Dried samples were prepared by grinding the lyophilized samples and then screening the 
samples with an 80-mesh sieve (particle size < 0.178mm).  The XRD studies were carried 
out using a Bruker AXS D8 Advance powder X-ray diffractometer with Cu-Kα radiation (D8 
Advance, Bruker, Karlsruhe, Germany) set at a tube load of 40 kV and 40mA. An anti-
scatter slit of 1° divergence and receiving slits were used. 12 Diffractograms were taken 
between 5 and 70° (2θ) at a rate of 12° 2θ min−1 and with a step size of 0.05° (2θ). 
Diffractograms of ADG powders were obtained (Chen et al., 2013; Zhao et al., 2015). 
3.3.9  Fourier transform-infrared spectroscopy (FT-IR) 
Pellets for analysis were formed by pressing 2mg lyophilized ADG powder and 200 mg of 
KBr together (Rozenberg, Lansky, Shoham, & Shoham, 2019). 
Samples were analysed for the effects of the treatments on the secondary structure of 
proteins using a VERTEX 70 Fourier transform infrared (FT-IR) spectrometer (Bruker Co., 
German) in the range of 4000 to 400 cm−1 with a resolution of 4 cm−1 and averaging 16 
scans for each spectrum as described by Markoska, Huppertz, Grewal, and Vasiljevic 
(2019). Spectrograph software (F. Menges "Spectrograph - optical spectroscopy 
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software", Version 1.2.9, 2018, http://www.effemm2.de/spectragryph/) was used for 
calculation of spectrum. They were normalized for protein concentration as previously 
described by Militello et al. (2004). 
3.3.10 Particle size  
The size distribution of ADG samples were measured using a LA-960S laser scattering 
particle size distribution analyser (Horiba Co., Japan). Samples were diluted 5 times with 
distilled water before measurements. The refractive index for samples was set at 1.34 
(Markoska et al., 2019). 
3.3.11 High performance liquid chromatography (HPLC) 
The tea extracts, and ADGs, were centrifuged at 10000 × g for 20min and then filtered 
through a 0.45 mm Millipore filter. A 1260 Infinity HPLC System equipped with G1311B, 
G1329B, G1318A, and G1315D (Agilent Co. Ltd., California, USA) was used. An Eclipse Plus 
C18 column (4.6mm internal diameter × 100 mm long; 3.5 µm particle size, Agilent Co. 
Ltd., California, USA) was used and maintained at a temperature of 25 ± 0.5  °C. A flow 
rate of 1.2 mL/min was used during the separation; the injected volume was 10 µL. The 
mobile phase consists of a combination of solvent A [deionized water with 2% 
(volume/volume) acetic acid] and solvent B (acetonitrile). The elution profile for catechin 
separation was as follows: 0 minutes, 100% A; 20 minutes, 70% A, 30% B. Absorbance at 
280 nm was used for the real-time monitoring of peak intensities (Lin, Lo, Chen, & Chen, 
2016). 
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3.3.12 Circular dichroism (CD) 
Far-UV CD spectra were recorded at 25 °C on a MOS-450 CD spectropolarimeter 
(BIOLOGIC Co., France) by a 0.1-cm path-length cuvette using the supernatant of samples 
and a step of 0.1 nm, a scan rate of 20 nm s−1, 4 s of delay and a scan average of three. 
The supernatant of samples was obtained by centrifugation at 10000 × g for 20 min. The 
acquired spectra were corrected for distilled water (Hudson, Ecroyd, Dehle, Musgrave, & 
Carver, 2009). 
3.3.13 Cytotoxicity and anti-proliferation 
3.3.14.1 Cell culture 
HepG2 cell lines were obtained from Stem Cell Bank of Chinese Academy of Sciences in 
Beijing (No. SCSP-510). HepG2 cell were cultured in minimum Eagle’s medium from 
Hyclone (GE Healthcare Life Sciences, Marlborough, MA, US), supplemented with 10% 
foetal bovine serum (FBS), 2mM L-glutamine, Earle’s balanced salts and were retained in 
an incubator at 37 °C containing 5% CO2.  
3.3.14.2 Cytotoxicity on HepG2 cell 
The supernatants of ADG samples were harvested by centrifugation (8,000 × g, 20 min at 
ambient temperature) and then filtered using a 0.45 µm filter and stored at 4 °C before 
use. 
Cytotoxicity was measured using the method of Wolfe and Liu (2007) with modifications. 
HepG2 cells were seeded at 4 × 104/well on a 96-well plate in 100 μL of growth medium 
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and incubated for 24 h at 37 °C with 5% CO2. The medium was removed, and the cells 
were washed with PBS. Treatments of ADG supernatants or antioxidant compounds in 
100 μL of the treatment medium (WME (Williams’ Medium E) supplemented with 2 mM 
L-glutamine and 10 mM Hepes) were applied to the cells, and the plates were incubated 
at 37 °C, 5% CO2 for 24 h. The treatment medium was removed, and the cells were washed 
with PBS. A volume of 50 μL/well methylene blue staining solution (98% Hanks Balanced 
Salt Solution (HBSS), 0.67% glutaraldehyde, 0.6% methylene blue) was applied to each 
well, and the plate was incubated at 37 °C for 1 h. The dye was removed, and the plate 
was immersed in fresh deionized water three times, or until the water was clear. The 
water was tipped out of the wells, and the plate was allowed to air-dry briefly before 100 
μL of elution solution (49% PBS, 50% ethanol, 1% acetic acid) was added to each well. The 
microplate was placed on a bench-top shaker for 20 min to allow uniform elution. The 
absorbance was read at 570 nm with blank subtraction using the MRX II Dynex plate 
reader (Dynex Technologies, Inc., Chantilly, VA). Concentrations of ADGs that decreased 
the absorbance by >10% when compared to the control were considered cytotoxic.  
3.3.14.3 Anti-proliferation 
HepG2 cells were seeded at a density of 2.5 × 104 cells/well on a 96-well microplate for 
anti-proliferation activity analysis, and 4 × 104 cells/well for cytotoxicity analysis. After 
incubation, the cells were stained with methylene blue solution (Sigma-Aldrich, St. Louis, 
MO) and 0.6% methylene blue (BBL, Cockeysville, MD) with HBSS at 37 °C for 1 h. Cells 
were then washed with water and dried. The elution solution was used to elute the 
methylene blue stain, and then the plate was agitated at room temperature for 15 min 
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(Wang et al., 2017). The absorbance was measured at 570 nm by an MRX II Dynex plate 
reader (Dynex Technologies, Inc., Chantilly, VA). 
3.3.14 Cell antioxidant activity (CAA) 
3.3.15.1 Preparation of solutions 
A 0.5 mmol L-1 DCFH-DA (dichloro-dihydro-fluorescein diacetate) in ethanol and a 12 
mmol L-1 AAPH in treatment medium were prepared, aliquoted and stored at 4 °C, 
respectively. Then, they were diluted with treatment medium separately to prepare 
working DCFH-DA (25 μmol L-1) and AAPH (600 μmol L-1) solutions. Quercetin was 
dissolved in ethanol to configure the concentration at 1 mg mL−1, before further dilution 
to different concentrations from 2 to 20 mM L-1 in working DCFH-DA solution. ADG 
solutions were dissolved and diluted to different concentrations from 2 to 20 mg mL−1 in 
working media solution and there was no toxic effect on HepG2 cells at those 
concentrations, as assessed by cytotoxicity (Shen et al., 2019). 
3.3.15.2 CAA assay 
The CAA assay was conducted as described by Wolfe and Liu (2007). Hep G2 cells were 
used as cell model for analysis; quercetin was used as standard to calculate the CAA value. 
With and without PBS wash treatments were used in this assay. The steps are as followed: 
HepG2 cells were plated in a 96-well black plate with a density of 6 × 104 cells/well and 
incubated at 37 °C, 5% CO2 for 24 h. After 24 h, 100 µL of appropriate concentration of 
extracts or controls were dissolved in treatment medium containing DCFH-DA (50 
mmol/L) and incubated for 1 h. For PBS wash protocol, cells were washed with PBS once; 
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for no PBS wash protocol, cells were not washed before adding ABAP (2,2’ -azobis (2-
amidinopropane) dihydrochloride). Finally, 600 mmol/L ABAP was applied to the cells in 
100 mL of HBSS and the 96-well microplate was placed into FilterMax F5 Multi-Mode 
Microplate Reader (Molecular Devices, Sunnyvale, CA, USA) at 37 °C. Emission at 535 nm 
was measured after excitation at 485 nm every 5 min for 12 cycles.  
 
Figure 3.1 The fundamental mechanism of the cellular antioxidant activity (CAA) assay. Adapted 
from Wolfe and Liu (2007) 
  
Material removed due to copyright compliance 
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Quantification of CAA. After blank subtraction from the fluorescence readings, the area 
under the curve of fluorescence versus time was integrated to calculate the CAA value at 
each concentration 
of pure phytochemical compound or extract as follows: 
CAA unit = 100 - (∫ 𝑆𝐴 / ∫ 𝐶𝐴) × 100 
where ∫ 𝑆𝐴 is the integrated area under the sample fluorescence versus time curve and 
∫ 𝐶𝐴 is the integrated area from the control curve. The median effective dose (EC50) was 
determined for the pure phytochemical compounds and fruit extracts from the median 
effect plot of log (fa/fu) versus log (dose), where fa is the fraction affected and fu is the 
fraction unaffected by the treatment. To quantify intra-experimental variation, the EC50 
values were stated as mean ± SD for triplicate sets of data obtained from the same 
experiment. Inter-experimental variation was obtained for some representative pure 
phytochemical compounds and fruit extracts by averaging the fluorescence values from 
triplicate wells in each trial to obtain one EC50 value per experiment and calculating the 
mean ± SD for at least four trials. In each experiment, quercetin was used as a standard, 
and cellular antioxidant activities for pure phytochemical compounds were expressed as 
micromoles of quercetin equivalents (QE) per 100 µmol of compound, whereas for fruit 
extracts they were expressed as micromoles of QE per 100 g of fruit. To compare the 
antioxidant quality of different fruits, CAA was also calculated as micromoles of QE per 
100 µmol of total phenolics. 
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After the CAA unit was calculated from the integrated area under the fluorescence versus 
time curve, and the results were expressed as micromoles of quercetin equivalents (QE) 
per 100 g in fresh weight (µmol QE/100 g FW). 
3.3.15 Statistical analysis 
All measurements were performed in triplicate. Analysis of variance, principle 
component analysis (PCA) and “t” tests were carried out by Minitab 17.0 and the 
significance level was set at P ≤ 0.05. 
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Physicochemical and textural properties of tea enriched ADG 
Currently, awareness of the link between diet and nutrition has been growing, thus there 
has been an increased demand for healthier products with a consequent rise in interest 
in functional and nutritional product by the food industry. Tea extracts have been 
extensively used not only as feed additives (Fang et al., 2019; Kolling et al., 2018; Winkler 
et al., 2015) directly employed on livestock to improve the quality and quantity of animal 
products, but also as food additives in modern food industry to either as preservation 
(Fernandez, Aguero, & Jagus, 2018; Huvaere et al., 2011; Yuan, Zhang, Tang, & Sun, 2016) 
to prolong the shelf life of food products or to improve the nutritional value of food 
products (Glibowski, Karwowska, Latoch, Nosowska, & Udeh, 2019; Lysoniewska, Kalisz, 
& Mitek, 2011).  
The effects of tea extracts on physicochemical and textural properties of food matrices 
have been reported by Glibowski et al. (2019); Najgebauer-Lejko (2019) and Chatterjee, 
Das, Das, and Das (2018) but how the tea extracts influence the stability of ADG during 
cold storage are not fully understood. 
The acidified dairy gels were made with the inclusion of green, oolong and black tea as of 
the method in Chapter 3.3.2. Figure 4.1 to 4.3 illustrate the gels which were made, and it 
is obvious that the colour of the gel was altered depending upon the type of tea infusion 
used. 
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Figure 4.3 Photograph of black tea enriched acidified dairy gels.   
4.1 Results of physicochemical and textural properties of green tea 
enriched ADG  
4.1.1 Physicochemical characteristics 
The physicochemical characteristics of green tea enriched ADGs (ADG-G) and control 




 Table 4.1 Physicochemical characteristics between different green tea formulations during a 
28-day cold storage (4 °C) 
 A-E Means ± SD within a column with different superscripts differ (P ≤ 0.05). 
a-e Means ± SD within a row with different superscripts differ (P ≤ 0.05). 
Formulation: ADG: acidified dairy gel; ADG15%-G: acidified dairy gel containing 15% (w/w) green tea 
infusion; ADG30%-G: acidified dairy gel containing 30% (w/w) green tea infusion; ADG45%-G: acidified dairy 
gel containing 45% (w/w) green tea infusion; ADG60%-G: acidified dairy gel containing 60% (w/w) green tea 
infusion; 
EOS: Extend of syneresis; WHC: Water holding capacity. 
The pH value showed a decreasing trend among all samples during cold storage, but no 
significant difference was observed between the different formulations. The minor 
differences of pH value between different formulations through could storage could be 







ADG ADG15%-G  ADG30%-G ADG45%-G ADG60%-G 
pH value 1 4.55 ± 0.01
Aa 4.55 ± 0.01Aa 4.55 ± 0.01Aa 4.55 ± 0.02Aa 4.56 ± 0.01Aa 
7 4.40 ± 0.01
Ba 4.41 ± 0.01Ba 4.37 ± 0.02Bc 4.39 ± 0.01Bb 4.42 ± 0.02Ba 
14 4.35 ± 0.01
Cb 4.39 ± 0.02Ca 4.36 ± 0.01Bb 4.35 ± 0.02Cb 4.39 ± 0.01Ca 
21 4.33 ± 0.01
Dc 4.35 ± 0.01Da 4.35 ± 0.01Cb 4.32 ± 0.01Dc 4.36 ± 0.01Da 
28 4.30 ± 0.01
Eb 4.31 ± 0.01Eb 4.30 ± 0.01Db 4.29 ± 0.01Eb 4.33 ± 0.02Ea 
Ca2+ 
concentration 
1 463.33 ± 5.77
Aa 383.33 ± 5.77Ab 356.67 ± 5.77Ac 323.33 ± 5.77Ad 376.67 ± 5.77Ab 
7 413.33 ± 5.77
Ba 350.00 ± 10.00Bb 326.67 ± 5.77Ab 290.00 ± 10.00Bc 283.33 ± 577Bc 
14 403.33 ± 11.55
Ba 300.00 ± 10.00Cb 243.33 ± 5.77Cd 240.00 ± 10.00Dd 273.33 ± 5.77Bc 
21 376.67 ± 5.77
Ca 323.33 ± 15.28Db 286.67 ± 15.28Bc 263.33 ± 15.28Cc 250.00 ± 10.00Cd 
28 353.33 ± 11.55
Da 303.33 ± 5.77Db 293.33 ± 20.82Bb 270.00 ± 10.00Cc 240.00 ± 10.00Cd 
EOS/% 
 
1 36.61 ± 1.41
Ab 31.94 ± 0.48Aa 30.27 ± 1.47Ca 30.49 ± 1.39Ca 30.45 ± 1.50Ba 
7 32.75 ± 0.95
Bb 30.35 ± 1.01Ac 34.56 ± 0.54Ba 29.97 ± 1.16Cd 31.40 ± 0.89Bb 
14 33.20 ± 0.58
Bb 33.10 ± 1.18Ab 37.10 ± 1.01Aa 36.69 ± 0.91Aa 31.41 ± 2.20Bb 
21 27.69 ± 1.30
Db 32.05 ± 2.11Ab 38.07 ± 0.98Aa 38.15 ± 1.25Aa 35.15 ± 2.05Ac 
28 30.78 ± 1.51
Cc 32.47 ± 1.07Ab 32.26 ± 1.68Bb 34.26 ± 1.60Ba 32.00 ± 1.13Bb 
WHC/% 1 15.13 ± 0.68
Ba 14.69 ± 0.39Ba 13.19 ± 0.68Db 13.76 ± 0.65Db 13.67 ± 0.35Cb 
7 17.50 ± 0.28
Aa 15.39 ± 0.25Ab 13.26 ± 0.45Dc 12.92 ± 0.91Dc 14.61 ± 0.48Bb 
14 16.01 ± 0.83
Ba 13.42 ± 0.79Cb 13.97 ± 0.51Cb 13.96 ± 0.22Cb 16.36 ± 0.48Aa 
21 15.66 ± 1.05
Ba 14.63 ± 0.60Bb 14.66 ± 0.47Bb 14.93 ± 0.41Bb 14.65 ± 0.61Bb 
28 18.04 ± 0.73
Aa 16.00 ± 0.77Ab 15.93 ± 0.24Ab 16.56 ± 0.86Ab 17.15 ± 0.97Aa 
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Horne, & Lucey, 2011; Salaün, Mietton, & Gaucheron, 2005).  
The Ca2+ concentration showed a general decreasing trend with some fluctuations among 
all samples during the cold storage while the plain ADG exhibited the highest values in 
Ca2+ concentration from day 1 to day 28. The decrease of Ca2+ content in plain ADG 
showed the binding ability of calcium ions with CCP or directly bound to caseins 
(McIntyre, O’ Sullivan, & O’ Riordan, 2016). Although the calcium ion could directly bind 
with CCP or casein, the lower calcium content of ADGs-G indicated the calcium ions were 
affected by tea polyphenols. Ai et al. (2019a) added tea polyphenols and Ca(OH)2 into egg 
white to explore the interaction between polyphenol and egg protein under a Ca2+-
enriched environment and the results suggested that the addition of polyphenol 
improved the interaction of nonspecific cross-linking, but weakened the other forces and 
increases surface hydrophobicity via calcium bridges which could lead to a decrease of 
free calcium and also supported our results. Yamada (2007) and his colleagues found that 
the calcium ion increased the amount of tea stain greatly due to the combination of 
phenolic compounds and calcium ions which demonstrated that calcium ions could form 
calcium-bridged polyphenols or matrix to lower the solubility of tea ingredients because 
its bridging effects using infrared spectroscopy (IR) and matrix-assisted laser desorption 
ionization technique with a time-of-flight mass spectrometer (MALDI-TOF-MS). A study of 
Carnovale and his colleagues (2016) also illustrated that the Ca2+ can increase the particle 
size in milk gel when polyphenols are present because of the increasing occurrence of  
EGCG-Ca2+-EGCG bridging which could be an explanation of our results in a molecular 
point of view. 
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Weak gels flow more easily than stronger gels, which result in higher risk of shrinkage and 
subsequent expulsion of whey protein (Ciron, Gee, Kelly, & Auty, 2010a), so a good-
quality ADG should retain water (Pimentel, Garcia, & Prudencio, 2012). All green tea 
enriched ADGs obtained lower results of EOS (lower is better) compared to plain ADG on 
day 1. However, the plain ADG exhibited the lowest value for EOS on day 28 (P ≤ 0.05). 
When considering the results for WHC (higher is better), plain ADG illustrated higher 
values from day 1 to day 28 compared with green tea enriched samples.  The results of 
EOS and WHC indicated the addition of green tea infusion weakened the dairy gel system. 
Whey separation generally occurs when the gel network is damaged or if the gel 
undergoes substantial structural rearrangement. Further, whey syneresis is due to 
inability to hold water in the protein matrix of the yoghurt gel (Narayana & Gupta, 2013). 
Lower whey syneresis rate suggested that the protein structure was less spongy and less 
dense after the addition of green tea infusion, and hence, gel structure might not be able 
to hold all the water, leaving some water as whey syneresis. 
Interestingly, all samples with green tea infusion showed similar level of stability in terms 
of EOS and better on WHC through cold storage (P < 0.05). There was also a water-
recovering in control group through cold storage both on EOS and WHC (P < 0.05). Reports 
have shown that exopolysaccharides (EPSs), a natural polymer, can act as an agent which 
is capable of thickening, stabilising, emulsifying, gelling as well as water-binding in the 
food system and EPSs can be produced by certain strains, such as Lactobacillus paracasei, 
therefore a better result in EOS was observed through cold storage (Pimentel et al., 2012). 
Moreover, a decreasing trend of EOS appeared in the control samples through cold 
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storage indicated an improvement of the water retention capacity of the system although 
there was no microbe used in the methodology, which suggested the interactions 
between polyphenols and proteins in the gradually acidified environment may form 
polymers with a similar effect as EPSs.  
The results of EOS indicated that the tea components decreased the formation of 
polymers between protein by interacting with protein or deactivated the formation. The 
explanation for the contrary between the results of WHC and EOS could be that during 
preparation of samples, the high centrifuge speed in WHC procedure damaged the 
structure of the system. The covalent conjugation between tea polyphenols and dairy 
proteins suggests that amino acid side chain residues bound with polyphenols. Yuksel et 
al. (2010) used the anionic fluorescent probe of the aromatic sulphonic class (1-
anilinonapthalene-8-sulfonate, ANS) to determine the different results of WHC between 
low and high level of tea infusions enriched protein samples. It could be due to the 
amount of amino acid side chain residue sites were far more than polyphenols in the 
reaction system at low level of tea infusions. With the increase of tea infusions, the 
polyphenol binding equivalent of covalent conjugates increased continuously. In other 
words, the small number of polyphenols could not saturate the residue site of amino acid 
side chains therefore one polyphenol molecular links one protein molecular with another. 
When the number of polyphenols saturated the residue site of amino acid side chains, 
one protein molecular links with several polyphenol molecules and less capable to link 
with protein molecules (Yang et al., 2019). 
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4.1.2 Textural Characteristics 
The texture parameters of ADG-G determined by means of TPA and back-extrusion test 
(BET) on the set gel and BET on the stirred gel are presented in Table 4.2.  Firmness is 
regarded as a critical textural characteristic of ADGs, along with other parameters, such 
as hardness and cohesiveness (Domagala, Sady, Grega, & Bonczar, 2006; Najgebauer-
Lejko, 2019).  
The addition of green tea extracts did not significantly affect the hardness in set ADG 
samples (P < 0.05). Although an increase was observed in the ADG15%-G in the 
adhesiveness compared to control higher content of tea infusion showed negative 
effects. 
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Table 4.2 Textural characteristics between different green tea formulations during a 28-day cold storage (4 °C) 
A-E Means ± SD within a column with different superscripts differ (P ≤ 0.05). 
a-e Means ± SD within a row with different superscripts differ (P ≤ 0.05). 
Formulation: ADG: acidified dairy gel; ADG15%-G: acidified dairy gel containing 15% (w/w) green tea infusion; ADG30%-G: acidified dairy gel containing 30% 
(w/w) green tea infusion; ADG45%-G: acidified dairy gel containing 45% (w/w) green tea infusion; ADG60%-G: acidified dairy gel containing 60% (w/w) green tea 
infusion; 
EOS: Extend of syneresis; WHC: Water holding capacity 
Texture properties Storage 
time (Days) 
Formulation  
ADG ADG15%-G ADG30%-G ADG45%-G ADG60%-G 
Set 
ADG 
Hardness/g 0 72.97 ± 5.66a 66.57 ± 3.01a 64.93 ± 6.76a 65.20 ± 4.70a 67.03 ± 7.20a 
Adhesiveness/g·s -16.01 ± 2.37a -17.17 ± 3.64a -10.88 ± 1.30b -13.99 ± 1.98b -13.36 ± 2.98b 
Firmness/g 
 
1 21.10 ± 1.32Aa 19.47 ± 1.46Ba 19.57 ± 2.68Aa 18.80 ± 1.91Aa 21.73 ± 1.68Aa 
7 22.43 ± 1.65Aa 23.53 ± 2.27Aa 20.27 ± 2.02Aa 20.47 ± 0.75Aa 21.97 ± 2.00Aa 
14 22.87 ± 1.50Aa 20.73 ± 0.75Aa 18.97 ± 1.87Ab 19.03 ± 1.97Ab 21.67 ± 3.02Aa 
21 20.83 ± 1.27Aa 23.43 ± 3.00Aa 19.17 ± 1.10Ab 19.27 ± 1.50Ab 19.87 ± 2.65Aa 
28 19.17 ± 1.12Ba 21.57 ± 1.56Aa 17.70 ± 2.23Aa 18.80 ± 1.57Aa 21.67 ± 3.10Aa 
Cohesiveness/g 
 
1 -13.50 ± 1.15Ba -12.27 ± 0.91Aa -12.53 ± 2.08Aa -11.77 ± 1.82Aa -12.83 ± 0.84Aa 
7 -14.73 ± 1.21Ba -15.20 ± 1.22Ba -13.47 ± 1.67Aa -12.67 ± 0.81Aa -14.03 ± 1.15Aa 
14 -14.23 ± 0.59Ba -13.60 ± 0.79Ba -12.27 ± 2.12Aa -11.90 ± 1.68Aa -13.70 ± 1.35Aa 
21 -13.83 ± 0.93Ba -15.03 ± 1.79Bb -11.93 ± 0.87Aa -12.73 ± 0.65Aa -11.90 ± 1.38Aa 
28 -11.60 ± 1.61Aa -12.90 ± 0.53Aa -11.00 ± 1.71Aa -12.27 ± 1.29Aa -12.7 ± 1.51Aa 
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 ADGs-G showed no significant difference in either firmness or cohesiveness on day 1 and 
day 28 (P < 0.05) except for the ADG15%-G which showed higher firmness on day 28 and 
better cohesiveness results between day 7 to day 14. This not only indicates that the ADG 
system was overall stable during the 28day cold storage, but also suggests that the 
addition of low level of green tea extracts improved the performance of ADG in terms of 
texture.  
Donmez, Mogol, and Gokmen (2017) and Najgebauer-Lejko (2019) also found the effect 
of tea addition on the dairy gel mechanism. Donmez et al. (2017) noticed modified 
consistency and rate of syneresis  in yoghurts supplemented with green tea powder and 
green coffee powder compared to a control sample. Najgebauer-Lejko (2019) reported 
the cohesiveness and index of viscosity of pu-erh tea enriched yoghurt were 
concentration-dependent in pu-erh tea treatments compared to control samples. The 
effect depended on the type of polyphenolic substances and their concentration. The 
retaining the hardness and adhesiveness between plain ADG, ADG15%-G suggested that 
low level of green tea infusion (15%) has the potential to be a texture modifier in gel food 
matrix.  
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4.2 Physicochemical and Textural Properties of Oolong Tea Enriched ADG  
4.2.1 Physicochemical Characteristics 
The physicochemical characteristics of oolong tea enriched ADGs and control (plain ADG) 



















Table 4.3 Physicochemical characteristics between different oolong tea formulations during a 
28-day cold storage (4 °C) 
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A-E Means ± SD within a column with different superscripts differ (P ≤ 0.05). 
a-e Means ± SD within a row with different superscripts differ (P ≤ 0.05). 
Formulation: ADG: acidified dairy gel; ADG15%-O: acidified dairy gel containing 15% (w/w) oolong tea 
infusion; ADG30%-O: acidified dairy gel containing 30% (w/w) oolong tea infusion; ADG45%-O: acidified 
dairy gel containing 45% (w/w) oolong tea infusion; ADG60%-O: acidified dairy gel containing 60% (w/w) 
oolong tea infusion; 
EOS: Extend of syneresis; WHC: Water holding capacity. 
Glibowski et al. (2019) reported that storage time caused minor changes in the acidity 
value of dairy gels and that the pH value showed no significant differences between 
samples with different concentrations of tea infusion added, with the control being 
similar to the results presented in this study. The plain ADG got highest values in Ca2+ 







ADG ADG15%-O ADG30%-O ADG45%-O ADG60%-O 
pH value 1 4.54 ± 0.02
Aa 4.54 ± 0.02Aa 4.53 ± 0.02Aa 4.53 ± 0.02Aa 4.53 ± 0.01Aa 
7 4.47 ± 0.02
Ba 4.39 ± 0.02Bc 4.39 ± 0.01Bc 4.41 ± 0.02Bc 4.44 ± 0.02Bb 
14 4.42 ± 0.02
Ca 4.35 ± 0.01Cc 4.35 ± 0.01Cc 4.34 ± 0.02Cc 4.37 ± 0.01Cb 
21 4.38 ± 0.01
Da 4.32 ± 0.01Dc 4.33 ± 0.01Cb 4.32 ± 0.01Cc 4.32 ± 0.01Dc 
28 4.35 ± 0.01
Ea 4.28 ± 0.01Ed 4.29 ± 0.01Dc 4.32 ± 0.01Cb 4.30 ± 0.01Dc 
Ca2+ 
concentration 
1 500.00 ± 20.00
Aa 356.67 ± 11.55Ab 346.67 ± 5.77Ab 296.67 ± 15.28Ac 273.33 ± 15.28Ac 
7 453.33 ± 15.28
Ba 316.67 ± 5.77Cb 283.33 ± 5.77Cc 253.33 ± 11.55Bd 236.67 ± 15.28Bd 
14 423.33 ± 15.28
Ca 333.33 ± 5.77Bb 303.33 ± 5.77Bc 263.33 ± 15.28Bd 243.33 ± 5.77Be 
21 376.67 ± 11.55
Da 360.00 ± 10.00Ab 306.67 ± 5.77Bc 250.00 ± 10.00Bd 236.67 ± 5.77Bd 
28 356.67 ± 5.77
Da 336.67 ± 5.77Bb 283.33 ± 15.28Cc 246.67 ± 5.77Bd 226.67 ± 5.77Be 
EOS/% 
 
1 35.96 ± 0.68
Ab 28.82 ± 0.72Cb 27.22 ± 0.97Cc 30.32 ± 0.30Ca 27.72 ± 1.10Dc 
7 32.52 ± 1.14
Bd 27.93 ± 0.37Cc 31.98 ± 0.61Ba 30.23 ± 0.78Cb 31.98 ± 0.82Ca 
14 29.09 ± 0.42
Dd 32.06 ± 0.58Bb 32.07 ± 0.85Bb 28.12 ± 0.72Dc 34.90 ± 1.00Ba 
21 31.21 ± 0.33
Cc 32.43 ± 1.55Bb 36.46 ± 0.75Aa 34.01 ± 0.43Ba 31.64 ± 1.30Cb 
28 30.93 ± 0.56
Cc 34.76 ± 1.20Ab 36.44 ± 0.90Ab 36.27 ± 1.09Ab 39.35 ± 1.51Aa 
WHC/% 1 17.57 ± 0.58
Aa 15.54 ± 0.22Bb 15.87 ± 0.41Bb 15.48 ± 0.36Bb 14.75 ± 0.27Ac 
7 16.99 ± 0.88
Aa 16.90 ± 0.41Ca 17.25 ± 0.49Aa 16.99 ± 0.88Aa 12.12 ± 0.84Db 
14 17.97 ± 0.45
Aa 15.62 ± 0.37Cc 15.18 ± 0.70Bc 17.14 ± 0.51Ab 13.41 ± 0.41Cd 
21 16.59 ± 0.26
Ba 16.16 ± 1.17Aa 15.33 ± 0.97Bb 14.39 ± 0.29Cc 15.81 ± 0.40Aa 
28 16.08 ± 0.52
Ca 14.77 ± 0.26Cb 15.62 ± 0.30Ba 15.66 ± 0.31Ba 13.79 ± 0.44Bc 
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decreasing trend among all samples during the cold storage. For oolong tea enriched ADG 
(ADG-O), the decreases of Ca2+ concentration appeared in all ADG-O samples after adding 
oolong tea infusion, and the Ca2+ concentration was opposite to the content of tea 
infusion. The pH value of plain ADG was higher than ADG-O samples. 
The decrease of Ca2+ concentration in plain ADG suggested that the calcium ions could 
bind with dairy protein naturally to form calcium-caseinate while the more intense 
decrease of Ca2+ concentration in ADG-O samples indicated the appearance of tea 
polyphenols promoted the interaction of calcium ions and dairy protein.  
Ai et al. (2019a) added tea polyphenols and Ca(OH)2 into egg white to explore the 
interaction between polyphenol and egg protein under a Ca2+-enriched environment. 
Their results suggested that the addition of polyphenol improves the interaction of 
nonspecific cross-linking but weakens other forces and increases surface hydrophobicity 
via calcium bridges.  
The water holding capacity and syneresis of a gel matrix are related to its stability, 
functional properties, texture and the method of preservation of the food (Kruif, Anema, 
Zhu, Havea, & Coker, 2015). ADGs-O samples gained lower results of EOS compared to 
plain ADG (lower is better) on day 1 but became higher on day 28 (P ≤ 0.05) and ADG-O 
samples showed an increasing trend while the plain ADG showed a decreasing trend. As 
for WHC, plain ADG acquired higher results (higher is better) compared to ADG-O from 
day 1 to day 28 (P ≤ 0.05). The results of EOS and WHC indicated that the addition of 
oolong tea infusion will weaken the structure and damage the stability of ADG. Cartasev 
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and Rudic (2017) reported that exopolysaccharides (EPSs), a microbe-generated polymer, 
can act as an agent which can improve the textural properties and water-binding capacity 
in the food system, therefore a better result in EOS was observed through cold storage. 
Interestingly, a decreasing trend of EOS appeared in the control samples through cold 
storage indicated an improvement of the water retention capacity of the system although 
no microbe was used which suggested the presence of polyphenols in the gradually 
acidified dairy system may form polymers with similar effects as EPSs. The covalent 
conjugation between tea polyphenols and dairy proteins was due to amino acid side chain 
residues bonding with polyphenols.  Kanakis and colleagues (2011b) reported that the 
protein would bond with tea polyphenol as the order of EGCG > ECG > EC > C. With the 
increase of tea infusions, the polyphenol binding equivalent of covalent conjugates 
increased continuously, and the binding polyphenol shifted from EGCG to C. In other 
words, the small number of polyphenols could not occupy all the residue site of amino 
acid side chains therefore one polyphenol molecular links one protein molecular with 
another. When the number of polyphenols saturated the residue site of amino acid side 
chains, one protein molecular links with several polyphenol molecules and less capable to 
link with protein molecules (Yang et al., 2019). 
4.2.2 Texture characteristics 
The textural characteristics of ADGs are shown in Table 4.4. The firmness is a critical 
textural characteristic of ADGs along with other parameters, such as hardness and 
cohesiveness (Domagala et al., 2006).  
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Table 4.4 Texture characteristics between different oolong tea formulations during a 28-day cold storage (4 °C) 
 
A-E Means ± SD within a column with different superscripts differ (P ≤ 0.05). 
a-e Means ± SD within a row with different superscripts differ (P ≤ 0.05). 
Formulation: ADG: acidified dairy gel; ADG15%-O: acidified dairy gel containing 15% (w/w) oolong tea infusion; ADG30%-O: acidified dairy gel containing 30% 
(w/w) oolong tea infusion; ADG45%-O: acidified dairy gel containing 45% (w/w) oolong tea infusion; ADG60%-O: acidified dairy gel containing 60% (w/w) oolong 
tea infusion; 
 
Texture properties Storage 
time (Days) 
Formulation 
ADG ADG15%-O ADG30%-O ADG45%-O ADG60%-O 
Set ADG Hardness/g 0 72.07 ± 5.42a 60.53 ± 1.87c 64.10 ± 6.60b 65.00 ± 2.71b 67.70 ± 8.03b 
Adhesiveness/g·s -26.65 ± 1.44c -16.99 ± 1.90a -17.47 ± 2.54a -20.59 ± 3.10a -23.14 ± 4.76b 
Firmness/g 
 
1 21.93 ± 0.55Aa 19.77 ± 1.04Ab 19.60 ± 1.00Ab 20.23 ± 1.29Ab 20.000 ± 1.40Aa 
7 21.97 ± 1.30Aa 19.63 ± 1.46Aa 20.67 ± 1.29Aa 22.50 ± 1.77Aa 22.10 ± 2.34Aa 
14 24.90 ± 4.56Aa 21.27 ± 1.31Aa 21.40 ± 3.58Aa 22.17 ± 1.96Aa 21.63 ± 0.61Aa 
21 22.80 ± 2.14Aa 21.10 ± 1.47Aa 20.80 ± 1.32Aa 21.27 ± 3.02Aa 19.57 ± 1.29Aa 
28 21.63 ± 2.32Aa 18.83 ± 0.78Ba 21.60 ± 1.11Aa 19.43 ± 1.11Aa 21.60 ± 2.41Aa 
Cohesiveness/g 
 
1 -14.47 ± 0.67Ab -12.70 ± 0.80Aa -12.77 ± 0.93Aa -13.27 ± 1.29Aa -12.20 ± 1.57Aa 
7 -14.27 ± 1.42Aa -12.67 ± 1.25Aa -13.23 ± 1.27Aa -14.50 ± 1.78Aa -13.97 ± 1.31Aa 
14 -16.43 ± 3.23Aa -13.77 ± 1.78Aa -13.93 ± 2.78Aa -15.00 ± 2.02Aa -14.70 ± 0.99Aa 
21 -15.07 ± 2.34Aa -15.70 ± 2.86Ba -13.57 ± 1.43Aa -12.50 ± 1.61Aa -12.20 ± 1.40Aa 
28 -14.27 ± 1.97Aa -12.00 ± 0.76Aa -13.83 ± 1.29Aa -12.97 ± 1.91Aa -14.27 ± 2.02Aa 
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ADG enriched with oolong tea infusion gained worse results regardless of concentration 
in terms of hardness and adhesiveness compared with the control in the shape of set ADG 
(P < 0.05). These results also affected the textural properties of stirred samples, ADGs-O 
samples showed worse performance in both firmness and cohesiveness on day 1 
compared to the control sample, however by day 28 their firmness and cohesiveness 
values were similar to those of the control sample (P < 0.05). As for the set ADG, the plain 
ADG also achieved better results than ADG-O samples.  The textural results were similar 
to the results of EOS and WHC, and this suggested that the addition of oolong tea infusion 
changed the formation and weakened the structure of the ADG system.  
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4.3 Physicochemical and textural properties of black tea enriched ADG  
4.3.1 Physicochemical characteristics 
The physicochemical characteristics of black tea enriched ADGs (ADG-B) are shown in 













Table 4.5 Physicochemical characteristics between different black tea formulations during a 28-
day cold storage (4 °C) 
A-E Means ± SD within a column with different superscripts differ (P ≤ 0.05). 
a-e Means ± SD within a row with different superscripts differ (P ≤ 0.05). 
Formulation: ADG: acidified dairy gel; ADG15%-B: acidified dairy gel containing 15% (w/w) black tea 
infusion; ADG30%-B: acidified dairy gel containing 30% (w/w) black tea infusion; ADG45%-B: acidified 
dairy gel containing 45% (w/w) black tea infusion; ADG60%-B: acidified dairy gel containing 60% (w/w) 
black tea infusion; 
EOS: Extend of syneresis; WHC: Water holding capacity. 
Among the different formulations, the plain ADG achieved the highest values in pH value, 
Ca2+ concentration and EOS. Decreases in pH value and Ca2+ concentration of ADGs along 
with an increasing EOS were observed through cold storage. The decreases of Ca2+ 







ADG ADG15% -B ADG30%-B ADG45%-B ADG60%-B 
pH value 1 4.55 ± 0.01
Aa 4.53 ± 0.01Ab 4.54 ± 0.01Ab 4.54 ± 0.01Ab 4.53 ± 0.01Ab 
7 4.35 ± 0.01
Bc 4.37 ± 0.01Bb 4.36 ± 0.01Bc 4.34 ± 0.01Cd 4.40 ± 0.01Ba 
14 4.29 ± 0.01
Db 4.28 ± 0.01Dc 4.36 ± 0.01Ba 4.36 ± 0.01Ba 4.28 ± 0.01Dc 
21 4.30 ± 0.01
Dc 4.33 ± 0.01Ca 4.32 ± 0.01Cb 4.28 ± 0.02Dd 4.29 ± 0.01Dd 
28 4.32 ± 0.01




Ba 443.33±5.77Aa 446.67 ± 15.28Aa 353.33 ± 5.77Ab 273.33 ± 15.28Bc 
7 500.00 ± 10.00
Aa 356.67 ± 11.55Bb 316.67 ± 5.77Cc 253.33 ± 5.77Cd 326.67 ± 15.28Ab 
14 356.67 ± 5.77
Ca 323.33 ± 5.77Cb 326.67 ± 5.77Bb 253.33 ± 5.77Cc 263.33 ± 5.77Cc 
21 370.00 ± 10.00
Ca 326.6 7± 15.28Bb 293.33 ± 5.77Db 266.67 ± 5.77Bc 246.67 ± 11.55Cc 
28 330.00 ± 10.00
Da 336.67 ± 5.77Ba 316.67 ± 5.77Cb 246.67 ± 5.77Cd 290.00 ± 10.00Bc 
EOS/% 
 
1 39.95 ± 0.89
Aa 24.05 ± 0.78Ad 29.48 ± 0.73Bc 35.09 ± 1.15Bb 29.01 ± 1.10Ac 
7 37.74 ± 1.21
Ba 22.99 ± 0.52Ad 31.16 ± 0.90Ab 39.02 ± 1.22Aa 27.50 ± 0.80Bc 
14 21.28 ± 0.80
Dc 23.06 ± 1.23Ab 24.83 ± 0.20Db 20.34 ± 0.59Ec 28.42 ± 0.52Aa 
21 17.21 ± 0.39
Ee 22.10 ± 0.92Bd 24.68 ± 0.68Dc 28.92 ± 0.60Da 26.36 ± 0.78Bb 
28 23.37 ± 0.33
Cd 23.30 ± 0.96Ad 28.25 ± 0.33Cb 30.20 ± 0.27Ca 26.87 ± 0.14Bc 
WHC/% 1 17.13 ± 0.81
Eb 19.56 ± 1.04Ba 21.10 ± 0.63Ba 15.63 ± 0.12Dc 15.30 ± 0.48Cc 
7 24.33 ± 0.69
Ba 22.69 ± 0.23Ab 23.50 ± 0.80Aa 20.49 ± 0.79Ac 21.01 ± 0.65Ac 
14 27.31 ± 0.72
Aa 21.93 ± 0.65Ab 20.69 ± 0.34Cc 16.34 ± 0.15Cd 15.22 ± 0.63Ce 
21 18.82 ± 0.25
Db 16.84 ± 1.16Cc 23.89 ± 0.58Aa 18.07 ± 0.51Bc 18.54 ± 0.94Bc 
28 20.15±0.55
Cb 22.20 ± 0.32Aa 19.42 ± 0.37Cb 19.82 ± 0.32Ab 19.37 ± 0.84Bb 
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sequence of interaction between protein and polyphenol is prior to polyphenol and Ca2+  
is probably because the interaction between calcium ion and polyphenols or oxalate in 
tea, confirming the observation of  Charrier, Savage, and Vanhanen (2002) who 
mentioned that the oxalate in teas would bind with calcium ion. Additionally, Yamada 
(2007) and his colleagues used infrared spectroscopy (IR) and matrix-assisted laser 
desorption ionization technique with a time-of-flight mass spectrometer (MALDI-TOF-
MS), and found that the calcium ion increased the amount of tea stain greatly due to the 
combination of phenolic compounds and calcium ions which demonstrated that calcium 
ions could form calcium-bridged polyphenols or matrix to lower the solubility of tea 
ingredients because its bridging effects. A study of Carnovale et al. (2016) signified that 
the Ca2+ can increase the particle size in milk gel when polyphenols are present because 
of the increasing occurrence of  EGCG-Ca2+-EGCG bridging which could be an explanation 
of our results in a molecular point of view. 
The minor differences of pH value between different formulations could be related to the 
buffering capacity of proteins or CCP (Salaün et al., 2005).  
The physical properties of the dairy gel system, including the separation of the whey 
(syneresis) and water retention (water holding capacity), play important roles in the 
product quality and consumer acceptance (da Silva, de Abreu, & Assumpcao, 2012). All 
ADGs gained lower results of EOS (lower is better) on day 1 but only the ADG15%-B sample 
remained low level of EOS through cold storage (P ≤ 0.05). As for WHC, ADG15%-B and 
ADG30%-B acquired higher results (higher is better) on day 1 but only ADG15%-B remained 
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higher results on day 28 (P ≤ 0.05), thus the low amount of tea infusion may help to 
maintain the gel structure of ADGs. Interestingly, all samples with black tea infusion 
showed more stable trends both on EOS and WHC but there was a stronger water-
recovering in control group through cold storage.  and It is reported that 
exopolysaccharides (EPSs), produced by certain microbes such as Lactobacillus mucosae, 
resulted in a yoghurt product with improvement of water retaining properties, therefore 
a decrease in EOS was observed through cold storage (Buldo et al., 2016; London et al., 
2015). A decreasing trend of EOS appeared in our experiments through cold storage 
although no microbe was utilized which indicate the proteins may form a mechanism with 
similar effect to EPSs in a gradually acidified environment when interact with polyphenols.  
4.3.2 Textural characteristics 
The textural characteristics of ADGs are shown in Table 4.6. The firmness is a critical 
textural characteristic of ADGs along with other parameters, such as hardness and 
















Table 4.6 Textural characteristics between different black tea formulations during a 28-day cold storage (4 °C) 
A-E Means ± SD within a column with different superscripts differ (P ≤ 0.05). 
a-e Means ±SD within a row with different superscripts differ (P ≤ 0.05). 
Formulation: ADG: acidified dairy gel; ADG15%-B: acidified dairy gel containing 15% (w/w) black tea infusion; ADG30%-B: acidified dairy gel containing 30% 





Texture properties Storage 
time (Days) 
Formulation 
ADG ADG15%-B  ADG30%-B  ADG45%-B ADG60%-B  
Set ADG Hardness/g 0 78.63 ± 9.22a 71.70 ± 1.51a 37.70 ± 0.89c 30.87 ± 2.85c 46.43 ± 1.62b 
Adhesiveness/g·s -26.65 ± 10.01a -27.56 ± 1.67a -7.65 ± 2.20b -3.37 ± 1.32b -2.52 ± 1.11b 
Firmness/g 
 
1 14.77 ± 0.46Ba 14.73 ± 0.35Ba 14.57 ± 0.31Ba 14.07 ± 0.42Ba 14.70 ± 1.04Aa 
7 20.10 ± 0.90Aa 20.43 ± 1.25Aa 17.13 ± 0.72Ab 16.40 ± 0.72Ab 15.17 ± 1.08Ab 
14 21.13 ± 0.67Aa 20.07 ± 0.86Aa 18.60 ± 0.87Ab 16.37 ± 0.83Bb 15.33 ± 1.60Ab 
21 21.93 ± 0.55Aa 19.83 ± 1.15Aa 17.70 ± 0.27Ab 16.30 ± 0.87Bb 16.73 ± 0.15Ab 
28 20.53 ± 0.32Aa 18.80 ± 0.82Aa 18.20 ± 0.87Aa 19.03 ± 1.61Aa 16.57 ± 0.85Ab 
Cohesiveness/g 
 
1 -9.50 ± 0.27Ca -9.07 ± 0.06Bb -8.67 ± 0.40Bb -8.53 ± 0.23Bb -9.40 ± 0.61Bb 
7 -12.43 ± 0.50Ba -12.63 ± 1.00Aa -10.93 ± 0.35Ab -10.53 ± 0.67Ac -9.37 ± 0.31Bc 
14 -13.27 ± 0.42Ba -12.83 ± 1.24Aa -12.47 ± 1.25Aa -10.27 ± 0.40Ab -8.83 ± 0.71Bb 
21 -14.13 ± 0.51Aa -12.80 ± 0.27Aa -12.33 ± 1.10Ab -10.07 ± 0.59Bb -10.13 ± 0.06Bb 
28 -13.73 ± 0.12Aa -12.57 ± 0.15Ab -11.80 ± 1.21Ab -10.43 ± 0.67Ac -10.43 ± 0.40Bc 
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There was little significant difference in firmness and cohesiveness between different 
formulations owing to homogenization. All ADG-B samples and the control showed an 
increasing trend in firmness and cohesiveness through cold storage which is similar to the 
results reported by Bruzzone, Ares, and Gimenez (2013) and Vieira et al. (2019). As for set 
ADG, retaining the hardness and adhesiveness between plain ADG and ADG15%-B 
suggested that the addition of 15% tea infusion did not affect the extent to which the gel 
could undergo the deformation before its disruption nor the force to remove the ADG 





4.4 Conclusion  
Although the main characteristics are similar among three types of tea enriched ADG, 
there still are some differences.  
The Ca2+ concentration of ADG15%-B and ADG30%-B remained the same level as that of plain 
ADG on day 1 but showed instant decrease on ADG-G and ADG-O samples. The results of 
EOS and WHC of ADG-B samples also achieved better results than ADG-G and ADG-O 
generally. 
The main reason for the results could be due to the different processes of tea making. 
This in turn makes black tea theaflavins-abound, whereas in green tea and oolong tea are 
catechin-abound. In the meanwhile, protein would interact with tea polyphenols as the 
order of  theaflavins > EGCG > ECG > C > EC > EGC (Bourassa, Côté, Hutchandani, Samson, 
& Tajmir-Riahi, 2013).  Combine the Ca2+ concentration of three types of ADG together, 
we can elicit that the order proteins interact with Ca2+ is between proteins interact with 
theaflavins and EGCG which makes the sequence as theaflavins >Ca2+ > EGCG > ECG > C > 
EC > EGC which is in agreement with Ai et al. (2019b) who explored  the effects of tea 
polyphenol and Ca(OH)2 on the intermolecular forces and mechanical, rheological, and 
microstructural characteristics of duck egg white gel. 
The textural properties did not show significant differences among three types of tea 




cold storage as Nguyen, Ong, Kentish, and Gras (2015) reported that Homogenisation can 
change the microstructure, syneresis and rheological properties of buffalo yoghurt.    
Thus, tea infusion can be successfully applied as a functional additive to probiotic dairy 
gel (yoghurt-like matrix) as it can increase the overall stability of the final product. On the 
other hand, the concentration of tea infusion must be carefully chosen as it negatively 





Results of antioxidant properties and HPLC profiles of tea 
enriched ADG 
To determine the antioxidant abilities of the obtained ADGs and tea infusion, we chose 
three methods which allowed us to measure both the ability to reduce pro-oxidant metal 
ions (FRAP assay), radical scavenging activity (DPPH assay and ABTS assay) and TPC 
measurement along with cell line tests. The in vitro results are shown in Figures 5.1 to 
5.3. 
5.1 In vitro antioxidant capacity of green tea enriched ADG 






Figure 5.1 Antioxidant capacity parameters (Green tea enriched acidified dairy gel). 0%: plain acidified dairy gel, 15%: acidified dairy gel 
containing 15% green tea infusion, 30%: acidified dairy gel containing 30% green tea infusion, 45%: acidified dairy gel containing 45% green 
tea infusion, 60%: acidified dairy gel containing 60% green tea infusion. Figure 5.1a: Total phenolic content (TPC) values of different 
concentration of tea infusion, expressed as GAE μg/g; Figure 5.1b: DPPH values of different concentration of tea infusion, expressed as TE 
μmol/g; Figure 5.1c: FRAP values of different concentration of tea infusion, expressed as Fe2+ E μmol/g; Figure 5.1d: ABTS values of different 




The strongest antioxidant capacity appeared in green tea infusion, this was observed in the FRAP, 
DPPH and ABTS radical assays. These values correspond to the TPC results for the samples. The 
higher the content of tea infusion added in ADGs, the higher were the values of antioxidant 
capacity and TPC and there were significant differences between different formulation through 
the whole cold storage (p<0.05). Overall, the addition of green tea infusion significantly enhanced 
the antioxidant potential of ADG as a 2.5 to 10-fold increase in DPPH, a 13 to 60-fold in FRAP and 
a 5.5 to 20-fold in ABTS value were observed in comparison to plain ADG. Some antioxidant 
parameters were not observed to decrease over time, but remained higher level at day 21 
compare to day 7 and 14. These results are similar to those reported by Najgebauer-Lejko, Sady, 











5.2 In vitro antioxidant capacity of oolong tea enriched ADG 
The TPC, DPPH, FRAP and ABTS results of oolong tea enriched ADG are shown in Figure 5.2. 
The strongest antioxidant capacity appeared in oolong tea infusion among FRAP, DPPH and ABTS 
radical assay. These values again corresponded to observed values of TPC in the samples. Again, 
there was a general observation that the higher content of tea infusion added in ADGs the more 
antioxidant capacity and TPC was observed, and there were significant differences between 
different formulation through the cold storage (p < 0.05). Overall, the addition of green tea 
infusion significantly enhanced the antioxidant potential of ADG as a 3 to 7-fold increase in DPPH, 
an 8 to 30-fold increase in FRAP and a 7 to 18-fold increase in ABTS value were observed in 














Figure 5.2 Antioxidant capacity parameters (oolong tea enriched acidified dairy gel). 0%: plain acidified dairy gel, 15%: acidified dairy gel 
containing 15% oolong tea infusion, 30%: acidified dairy gel containing 30% oolong tea infusion, 45%: acidified dairy gel containing 45% 
oolong tea infusion, 60%: acidified dairy gel containing 60% oolong tea infusion. Figure 5.2a: Total phenolic content (TPC) values of different 
concentration of tea infusion, expressed as GAE μg/g; Figure 5.2b: DPPH values of different concentration of tea infusion, expressed as TE 
μmol/g; Figure 5.2c: FRAP values of different concentration of tea infusion, expressed as Fe2+ E μmol/g; Figure 5.2d: ABTS values of different 





5.3 In vitro antioxidant capacity of black tea enriched ADG 
The TPC, DPPH, FRAP and ABTS results of black tea enriched ADG are shown in Figure 5.3. 
The strongest antioxidant capacity appeared in black tea infusion among FRAP, DPPH and ABTS 
radical assay which were correspond to the TPC result. The higher content of tea infusion added 
in ADGs the more antioxidant capacity and TPC would obtain and there were significant 
differences between different formulation through the cold storage (P < 0.05). Overall, the 
addition of green tea infusion significantly enhanced the antioxidant potential of ADG as a 4 to 
12-fold increase in DPPH, an 8 to 40-fold in FRAP and a 6 to 18-fold in ABTS value were observed 
in comparison to plain ADG. 
To summarize the in vitro antioxidant experiments, the green tea had the most antioxidant 
capacity promoting ability followed by the oolong tea and the black tea in terms of FRAP and ABTS 
results which shared same trend as TPC. The DPPH results showed a different result as: green tea 
> black tea > oolong tea. The difference could be the different compositions in different types of 







Figure 5.3 Antioxidant capacity parameters (black tea acidified dairy gel). 0%: plain acidified dairy gel, 15%: acidified dairy gel containing 15% 
black tea infusion, 30%: acidified dairy gel containing 30% black tea infusion, 45%: acidified dairy gel containing 45% black tea infusion, 
60%: acidified dairy gel containing 60% black tea infusion. Figure 5.3a: Total phenolic content (TPC) values of different concentration of tea 
infusion, expressed as GAE μg/g; Figure 5.3b: DPPH values of different concentration of tea infusion, expressed as TE μmol/g; Figure 5.3c: 
FRAP values of different concentration of tea infusion, expressed as Fe2+ E μmol/g; Figure 5.3d: ABTS values of different concentration of 




5.4 Cell line tests 
The kinetics of DCFH oxidation in HepG2 cells by peroxyl radicals generated from ABAP is shown 
in Figure 5.4. The increase in fluorescence from DCF (dichlorofluorescein)  formation was 
inhibited by pure phytochemical compounds and ADG extracts in a dose-dependent manner, as 
demonstrated by the curves generated from cells treated with quercetin (Figure 5.4a, b), plain 
ADG (Figure 5.4c, d), ADG60%-G (Figure 5.4e, f) ADG60%-O (Figure 5.4g, h) and ADG60%-B 
(Figure 5.4i, j). The increase of fluorescein is an indication of the degree of oxidation. If there is 
an increase in fluorescein then there are more antioxidative activity. Inhibition of oxidation was 
seen when a PBS wash was conducted between antioxidant and ABAP treatments (Figure 5.4 a, 
c, e, g, i), and when no PBS wash was performed (Figure 5.4b, d, f, h, i). Wolfe and Liu (2007) and 
Liu and Huang (2015) gained similar results when conducted CAA measurements on catechin and 


















Figure 5.4 Peroxyl radical-induced oxidation of DCFH to DCF in HepG2 cells and the inhibition of 
oxidation by quercetin (a, b), Plain ADG (c, d), ADG60%-G (e, f) ADG60%-O (g, h) and ADG60%-B (i, j) over 
time. the protocol involving a PBS wash between antioxidant and ABAP treatments (a, c, e, g, I, k) 
and the protocol without PBS wash (b, d, f, h, j, l), to remove antioxidants in the medium not 
associated with cells. The curves shown in each graph are from a single experiment (mean ± SD, n = 
3). 
Cellular Antioxidant Activity (CAA). As shown in Figure 5.4, the CAA unit of quercetin and ADG 
samples increased in a concentration-dependent manner following a curvilinear pattern, which 
showed antioxidant activity in hepG2 cell line. The results indicated that the tea enriched ADGs 
had the potential to reduce fluorescence levels, to different degrees, inhibiting the oxidation of 




radicals or ROS/RNS. The results also illustrate that  ADG60%-G had the highest antioxidant 
capacity, followed by ADG60%-O and ADG60%-B. Plain ADG had the CAA unit which indicated variant 
CAA values are related to the contents of antioxidant components from tea with different 
geographic origins and processing (Shen et al., 2019). 
The results of the CAA assay are presented in Figure 5.5. CAA assay was applied to determine the 
cellular antioxidant capacity of samples by preventing the DCFH oxidation induced by peroxyl 
radicals in HepG2 cells (human hepatoma cells). In order to conduct the CAA test, sample with 
highest tea concentration (60% tea infusion) were chosen as these were considered as having the 
potential to show greatest differences in reactions.  
 
Figure 5.5 Cellular antioxidant activity (CAA) of Plain acidified dairy gel (ADG), acidified dairy gel 
containing 60% green tea infusion (60%GT), acidified dairy gel containing 60% oolong tea infusion 






As can be seen in Figure 5.5, the addition of tea infusion considerably increased the CAA results 
of ADGs and ADG60%-G> ADG60%-O> ADG60%-B. The intake rate of ADG60%-O (96.55%) was higher 
than the ADG60%-G (80.85%) and ADG60%-B (89.45%) which made the ADG60%-O gained similar true 
intake (PBS wash value) after the samples that were adhesive to the surface of cells  were 
eliminated by a PBS wash compared to ADG60%-G with a lower level of quercetin equivalent. 
Cytotoxicity and anti-proliferative activities. The results of cytotoxicity and anti-proliferative 
activities of ADG samples on the growth of HepG2 human liver cancer cells in vitro are 
summarized in in Figure 5.6 and 5.7. The content of samples was considered non-cytotoxic with 
a cell viability>90%, therefore, we chose 20mg per ml media as the upper limit in this study. All 
samples showed relatively potent antiproliferative activities on HepG2 cell growth in a dose-
dependent manner below the cytotoxic limit and the plain ADG showed highest anti-proliferative 
activities.  The antiproliferative activities of fruits were expressed as the median effective dose 
(EC50), with a lower EC50 value indicating a higher antiproliferative activity. The plain ADG had 
the highest antiproliferative activity with the lowest EC50 of 9.80 ± 0.48 mg / mL, followed by 
ADG60%-BT (11.42 ± 0.51 mg / mL), ADG60%-GT (14.37 ± 1.16 mg / mL) and ADG60%-OT (14.45 ±1.07 
mg / mL). Sun, Chu, Wu, and Liu (2002) conducted anti-proliferation measurement on common 
fruits and the antiproliferative activity of cranberry (14.5 ± 0.5 mg / mL) is at similar level as our 





Figure 5.6 Cytotoxicity of Plain acidified dairy gel (ADG), acidified dairy gel containing 60% green tea 
infusion (60%GT), acidified dairy gel containing 60% oolong tea infusion (60%OT), acidified dairy gel 
containing 60% black tea infusion (60%BT) on HepG2 cell (mean ± SD, n = 3). The control is HepG2 
cell incubated in the medium without ADG. 
 
Figure 5.7 Cell viability   of plain acidified dairy gel (ADG), acidified dairy gel containing 60% green tea 
infusion (60%GT), acidified dairy gel containing 60% oolong tea infusion (60%OT), acidified dairy gel 
containing 60% black tea infusion (60%BT) against HepG2 human liver cancer cells (mean ± SD, n = 
3). The control is HepG2 cell incubated in the medium without ADG. 




















































5.5 Results of high performance liquid chromatography (HPLC) 
Results of HPLC are shown in Table 5.1 to 5.2 and Figure 5.8 to 5.10. Instrumental precision was 
measured by repetitive injection of the same homogeneous sample of five concentrations. The 
recovery measures the closeness between the theoretically added amount and the experimental 
value with a known amount of catechin derivatives. The recovery of all catechin derivatives at 
different concentrations was above 80% (Table 5.1). The relative standard deviation (R.S.D.) was 
determined to assess instrumental precision. Intra-assay precision was determined by preparing 
three independent standard solutions of five different concentrations and measuring the R.S.D. 
values (Table 5.2). The R.S.D. values of both instrumental precision and intra-assay precision of 
four catechins and caffeic acid were below 3%, indicating the HPLC analytical method for catechin 
was precise. 
 
Table 5.1 Equations associated with four catechins and caffeic acid (means ± SD, n=3). 
Component Equation1 R2 Recovery Rate 
(+)-C y = 1.15 x + 4.81 >0.99 88.87± 0.353 
CA  y = 6.36x + 26.68 >0.99 98.15± 1.639 
(-)-EC y = 1.61x − 53.01 >0.99 80.22 ± 2.420 
(-)-EGC y = 2.74x + 45.21 >0.99 88.98 ± 1.162 
(-)-ECG y = 2.99x + 3.82 >0.99 98.14 ± 0.873 







Table 5.2Recoveries of four catechins and caffeic acid (means ± SD, n=3). 
Component Concentration 
(µg/ml) 
Peak area (mAU·s) R.S.D. (%) 
(+)-C 100 117.31 ± 0.629 0.54 
200 235.15 ± 1.600 0.68 
300 351.88 ± 0.804 0.23 
400 464.80 ± 3.937 0.85 
500 576.27 ± 8.994 1.56 
CA 100 649.72 ± 4.592 0.71 
200 1300.22 ± 4.563 0.35 
300 1950.12 ± 6.067 0.31 
400 2579.57 ± 14.322 0.56 
500 3188.17 ± 81.024 2.54 
(-)-EC 100 130.50 ± 0.932 0.71 
200 260.50 ± 0.287 0.11 
300 410.30 ± 9.201 2.24 
400 570.94 ± 5.333 0.93 
500 781.57 ± 20.003 2.56 
(-)-EGC 100 296.42 ± 2.812 0.95 
200 593.49 ± 3.649 0.61 
300 889.17 ± 9.071 1.02 
400 1184.14 ± 4.862 0.41 
500 1370.24 ± 10.475 0.76 
(-)-ECG 100 301.09 ± 1.608 0.53 
200 602.95 ± 1.850 0.31 
300 905.13 ± 3.012 0.33 
400 1199.77 ± 9.756 0.81 






The retention time of (+)-C ((+)-catechin), CA (caffeic acid), (-)-EC ((-)-epicatechin), (-)-EGC ((-)-
epigallocatechin), (-)-ECG ((-)-epicatechin gallate) was 9.43, 10.31, 11.22, 11.56, 14.63min, 
respectively. When the tea enriched ADGs are compared with the tea infusion, a massive decline 
of polyphenols was observed in all ADGs  made with green, oolong or black tea infusion which 
made caffeic acid, (-)-epigallocatechin and (-)-epicatechin gallate (peak 2,4 and 5) undetectable 
and an increase in protein (peak 0) was observed. When the tea enriched ADGs were compared 
with the tea infusion sample, it was observed that the (+)-catechin value in tea enriched ADGs 
were at similar level as the proportion of tea infusion. These results indicate that catechin did not 
suffer significant damage through the whole progress, even in the high tea-content samples 
(ADG60%-G, ADG60%-O and ADG60%-O). The results of HPLC indicated that the protein would 
interact with caffeic acid, (-)-epicatechin, (-)-epigallocatechin and (-)-epicatechin gallate before it 
interacts with (+)-catechin. Since the (+)-catechin is the most abundant phenolic compound in all 
three types of tea, the retention of (+)-catechin can explain the promoted antioxidant capacity of 
ADGs after adding the tea infusion. The retained catechin increased alongside with the 
concentration of the addition of tea infusions while the content of retained protein decreased 










Figure 5.8 HPLC Chromatogram (green tea acidified dairy gel). a to f are standards, green tea infusion, acidified dairy 
gel (ADG), ADG+15% green tea infusion, ADG+30% green tea infusion, ADG+60% green tea infusion. 0, protein; 









Figure 5.9 HPLC Chromatogram (oolong tea acidified dairy gel). a to f are standards, oolong tea infusion, acidified 
dairy gel (ADG), ADG+15% black tea infusion, ADG+30% black tea infusion, ADG+60% black tea infusion. 0, 







Figure 5.10 HPLC Chromatogram (black tea acidified dairy gel). a to f are standards, black tea infusion, acidified dairy 
gel (ADG), ADG+15% black tea infusion, ADG+30% black tea infusion, ADG+60% black tea infusion. 0, protein; 1, 






Several studies have reported that the antioxidant capacity of green tea is stronger than oolong 
tea and black tea which is correlated with TPC (Hajiaghaalipour, Sanusi, & Kanthimathi, 2016; 
Islam, Farooq, & Sehgal, 2018; Jayawardana, Warnasooriya, Thotawattage, Dharmasena, & 
Liyanage, 2019; Kaur, Farooq, & Sehgal, 2019; Muniandy, Shori, & Baba, 2016). The differences of 
the results of antioxidant capacity in all parameters (TPC, DPPH, ABTS and FRAP) were minor 
differences among different storage periods compared to different concentration of tea infusion 
(P < 0.05) which indicated the antioxidant capacity was stable during cold storage and could be 
adjusted by adding different concentration of tea infusion.  
Recently, the development of novel emulsifiers with improved functionality has been given more 
and more attention based on forming covalent conjugates or physical complexes between 
different molecular species, such as protein–polysaccharide, protein-polyphenol, or 
polysaccharide–polyphenol conjugates/complexes or using emulsion among protein and 
polysaccharide/polyphenol to protect bioactive compounds (Evans, Ratcliffe, & Williams, 2013; 
Gu et al., 2017; İlyasoğlu, Nadzieja, & Guo, 2019; Li et al., 2019). 
The increasing rate in TPC, along with the other antioxidant parameters (DPPH, FRAP, ABTS), were 
lower than the concentration of tea infusion which suggested the antioxidant capacity of tea 
infusion was slightly weakened. One possible explanation could be that the polyphenols in the 
tea infusion were binding with calcium ion or/and protein as reported by  Tanizawa, Abe, and 





 Results of microstructure of tea enriched ADG 
Microstructures of ADGs were observed by SEM and CLSM. Scanning electron micrographs 
showed the 3D organization of dairy gels. CLSM was used for the determination of the laminar 
microstructure of dairy gels. The microstructure level of dairy gels corresponded to their textural 
and rheological properties, the homogeneous casein aggregations, the better gel matrix, resulting 
in higher hardness or firmness of dairy gel (Pan, Liu, Luo, & Luo, 2019). 
6.1 Microstructure of green tea enriched ADGs  
The microstructures of the stirred ADG-G samples are shown in Figure 8.1 to Figure 8.4.  
6.1.1 SEM measurement of ADG-Gs  
The three-dimensional network of aggregates of casein micelles, the structural elements, were 
observed in the SEM ADG microstructures illustrated a rod shape or bulk shape consist of small 
spherules (casein), interspaced by void zones which represents the water and whey serum.   
Firstly, we can see an improvement in ADGs which had 45% and 60% green tea infusion after 28 
days of cold storage with less bulky area when compared the Figure 6.1 and Figure 6.2. In 
contrast, the control samples exhibited a continuous branched network, with small void spaces, 
which lead to a stable structure of the protein network during storage. ADG-Gs made with 
different concentrations of green tea extract showed different patterns of networks. Similar 
structures were observed in ADG15%-G and ADG30%-G samples, whereas more compact and 
aggregated structure was observed in the ADG45%-G (Figure 6.1d and 6.2d) and ADG60%-G (Figure 











Figure 6.1 SEM images of plain ADG (a), ADG 
with 15% green tea infusion (b), ADG with 
30% green tea infusion (c), ADG with 45% 
green tea infusion (d), ADG with 60% green 













Figure 6.2 SEM images of plain ADG (a), ADG 
with 15% green tea infusion (b), ADG with 
30% green tea infusion (c), ADG with 45% 
green tea infusion (d), ADG with 60% green 









This observation is in agreement with the findings of previous studies, Nguyen, Schwendel, 
Harland, and Day (2018) and Nguyen, Afsar, and Day (2018), in which the microstructure of low-
fat yoghurts from goat, sheep and cow milk  as well as bovine milk containing A1A1 and A2A2 β-
casein phenotypes was investigated. Interestingly, more dense structures with smaller pores 
were observed in ADG45%-G and ADG60%-G samples on day 28 (Figure 6.2d, e) compared to day 1 
(Figure 6.1d, e). This is contrary to the results of Nguyen, Ong, Kentish, and Gras (2014) who found 
that bigger pores were observed after the storage. The difference could be because they used 
buffalo milk which has different protein and lipid constitution and that the protein and lipid 
interactions affected the porosity of the gels. 
6.1.2 CLSM measurement of ADG-Gs 
CLSM was used for characterizing laminar microstructure of ADG samples and these images are 
shown in Figure 6.3 and 6.4. samples of ADG15%-G (Figure 6.3b and 6.4b) and ADG30%-G (Figure 
6.3c and 6.4c) samples had denser protein networks and exhibited less pores than the control 
(Figure 6.3a and 6.4a) on both day 1 and day 28. The different structure formed depends both on 
the concentrations of protein and polyphenol and on their ratio. Siebert, Troukhanova, and Lynn 
(1996) explored polyphenol-protein interaction using catechin and protein. They assumed a 
model in which each polyphenol molecule is viewed as having a fixed number of binding ends and 
each protein is viewed as having a fixed number of polyphenol binding sites. So, in a protein 
solution with low level of polyphenols, the polyphenol could be a bridge to connect two protein 
molecules to form a denser structure. But in a protein solution with high level of polyphenols, 




bind with each other therefore a more broken structure with more serum pores was formed. The 













Figure 6.3 Model for protein−polyphenol interaction. Polyphenols are depicted as having two ends that 
can bind to protein. Proteins are depicted as having a fixed number of binding sites. 
 
More pores appeared in the gels containing 45% and 60% tea infusion which is in accordance to 
the EOS and WHC results (Table 4.1). More significant transformations took place in both ADG45%-
G and ADG60%-G which led to a less intense protein network with larger pores. The protein clusters 
Protein molecules 
with fixed number 






appeared to be  distributed very loosely and the bindings between them were very weak in 
ADG45%-G (Figure 6.3d and 6.4d) and ADG60%-G (Figure 6.3e and 6.4e) compare to the control 
(Figure 6.3a and 6.4a), ADG15%-G (Figure 6.3b and 6.4b) and ADG30%-G (Figure 6.3c and 6.4c). 
Similar structures were reported by Nguyen, Ong, Lefevre, Kentish, and Gras (2014) with buffalo 

















Figure 6.4 CLSM images of plain ADG (a), ADG 
with 15% green tea infusion (b), ADG with 
30% green tea infusion (c), ADG with 45% 
green tea infusion (d), ADG with 60% green 
tea infusion (e) (day 1). Protein stained by 
Fast Green FCF appears as green and non-
fluorescent areas (dark areas) correspond 













Figure 6.5 CLSM images of plain ADG (a), ADG 
with 15% green tea infusion (b), ADG with 
30% green tea infusion (c), ADG with 45% 
green tea infusion (d), ADG with 60% green 
tea infusion (e) (day 28). Protein stained by 
Fast Green FCF appears as green and non-
fluorescent areas (dark areas) correspond 






6.2 Microstructure of oolong tea enriched ADGs  
The microstructures of the stirred ADG-O samples are shown in Figure 6.5 to Figure 6.8.  
6.2.1 SEM measurement of ADG-Os  
The micrographs illustrate the differences in the microstructure of the samples. In general, 
the microstructure of all samples was similar. The yoghurt protein matrices were composed 
of casein micelle chains and clusters. The ways in which the casein micelles were linked to 
each other differed slightly on day 1 (Figure 6.5). The protein network of the control (Figure 
6.5a), ADG15%-O (Figure 6.5b) and ADG30%-O (Figure 6.5c) were slightly denser than ADG45%-
O (Figure 6.5d) and ADG60%-O (Figure 6.5e) with smaller pores on day 1.  
The changes of microstructure of ADG-Os during cold storage were different from ADG-Gs. 
The control, ADG15%-O and ADG30%-O were less dense after the 28 days of cold storage with 
more and bigger pores which indicated that ADGs produced with 15% and 30% of oolong 
tea were more sensitive to the external force and less able to recover to the original 
structure after deformation. The protein strands of ADG45%-O and ADG60%-O at day 28 of 
the storage are slightly denser than day 1 (Figure 6.5d vs. 6.6d, Figure 6.5e vs. 6.6e). These 
observation may be due to transformation of the protein aggregates or the further 
development of the network resulted by the change of polyphenol-protein ratio which 
caused by the loss of polyphenols because serum separation during cold storage (Nguyen, 










Figure 6.6 SEM images of plain ADG (a), ADG 
with 15% oolong tea infusion (b), ADG with 
30% oolong tea infusion (c), ADG with 45% 
oolong tea infusion (d), ADG with 60% 












Figure 6.7 SEM images of plain ADG (a), ADG 
with 15% oolong tea infusion (b), ADG with 
30% oolong tea infusion (c), ADG with 45% 
oolong tea infusion (d), ADG with 60% 






6.2.1 CLSM measurement of ADG-Os 
Figure 6.7 and 6.8 show the microstructure of ADG made with oolong tea extracts when observed 
using CLSM. The microstructure ADGs consists of a protein network surrounded by serum pores. 
The ADG15%-O (Figure 6.7b and 6.7b) and ADG30%-O (Figure 6.7c and 6.8c) had smaller pores and 
a denser protein network compared with the control yoghurt (Figure 6.7a and 6.8a), which 
indicated that the low content of oolong tea extract could form a  more strong stable structure. 
The ADG60%-O (Figure 6.7e and 6.8e) exhibited the most porous microstructure and least dense 
protein network followed by The ADG45%-O (Figure 6.7d and 6.7d) that both had bigger pores and 
a less dense protein network compared with the control yoghurt (Figure 6.7a and 6.8a), which 
demonstrated that high level of oolong extract generates a weaker yoghurt gel (Nguyen, Afsar, et 














Figure 6.8 CLSM images of plain ADG (a), ADG 
with 15% oolong tea infusion (b), ADG with 
30% oolong tea infusion (c), ADG with 45% 
oolong tea infusion (d), ADG with 60% 
oolong tea infusion (e) (day 1). Protein 
stained by Fast Green FCF appears as green 
and non-fluorescent areas (dark areas) 
correspond to the serum pores. 
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Figure 6.9 CLSM images of plain ADG (a), ADG 
with 15% oolong tea infusion (b), ADG with 
30% oolong tea infusion (c), ADG with 45% 
oolong tea infusion (d), ADG with 60% 
oolong tea infusion (e) (day 28). Protein 
stained by Fast Green FCF appears as green 
and non-fluorescent areas (dark areas) 







6.3 Microstructure of black tea enriched ADGs  
The microstructures of the stirred ADG-B samples are shown in Figure 6.9 to Figure 6.12.  
6.3.1 SEM measurement of ADG-Bs  
The microstructures of all the ADG-B samples were well-defined and their three-
dimensional networks as shown in Figure 6.9 and 6.10. Comparing the morphology and the 
segregated structure of the gel made from the control group (Figure 6.9a and 6.10a) and 
ADG15%-B (Figure 6.9b and 6.10b), the z-depth structure was less complex in the ADG15%-B. 
Also, the later had slightly finer protein arrangement and the pores appeared to be smaller 
from about 10 – 20 µm to 3 – 10 µm. The ADG30%-B (Figure 6.9c) was thicker and denser. It 
also shows that the sample had fine protein arrangement resulting very small pores in the 
gel structure (Figure 6.9c and 6.10c).  Such microstructure explains the better phase 
stability in the gel samples containing 15% and 30% black tea infusion (EOS and WHC). 
Generally, all three samples illustrated similar spongy-like interiors with few air cells and 
highly branched-structure. Yang, Fu, and Li (2012) reported similar results when they added 
soybean to yoghurt. Fiszman, Lluch, and Salvador (1999) found that the smooth bridge with 
double network structures of dairy gel seemed to be located at the inside of casein micelles 
that could maintain the aqueous phase more effectively and reduce EOS which agreed with 
our results.  Some small aggregates started to appear in the images of ADG45%-B (Figure 
6.9d and 6.10d) and bigger pores (>10 μm) showed in the image of ADG60%-B (Figure 6.9e 










Figure 6.10 SEM images of plain ADG (a), ADG 
with 15% black tea infusion (b), ADG with 
30% black tea infusion (c), ADG with 45% 
black tea infusion (d), ADG with 60% black 












Figure 6.11 SEM images of plain ADG (a), ADG 
with 15% black tea infusion (b), ADG with 
30% black tea infusion (c), ADG with 45% 
black tea infusion (d), ADG with 60% black 




When comparing Figure 6.9 and 6.10, more and bigger pores appeared in all samples, 
especially in samples of ADG45% which indicated more significant transformations took 
place when high level of tea infusion was added during storage in later one. ADG60% 
remained the same with most and larger pores. 
6.3.2 CLSM measurement of ADG-Bs  
The microstructures of black tea enriched gels observed by CLSM are shown in Figure 6.11 
and 6.12. As shown in Figure 6.11, tea enriched ADGs had structures of homogeneous 
connection of aggregated protein clusters with small voids among protein clusters 
decreased after added the black tea infusion in which ADG45%-G gained the least porous 
structure. However, after 28 days of cold storage only the control (Figure 6.12a), ADG15%-
G (Figure 6.12b) and ADG30%-G (Figure 6.12c) remained evenly distributed structures and 
protein clusters became larger. On the contrary, the protein clusters in ADG45%-G (Figure 
6.12d) and ADG60%-G (Figure 6.12e) broke down to small pieces after the cold storage. 
 









Figure 6.12 CLSM images of plain ADG (a), ADG 
with 15% black tea infusion (b), ADG with 
30% black tea infusion (c), ADG with 45% 
black tea infusion (d), ADG with 60% black 
tea infusion (e) (day 1). Protein stained by 
Fast Green FCF appears as green and non-
fluorescent areas (dark areas) correspond 
to the serum pores. 
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Figure 6.13 CLSM images of plain ADG (a), ADG 
with 15% black tea infusion (b), ADG with 
30% black tea infusion (c), ADG with 45% 
black tea infusion (d), ADG with 60% black 
tea infusion (e) (day 28). Protein stained by 
Fast Green FCF appears as green and non-
fluorescent areas (dark areas) correspond 








When comparing tea enriched ADGs and the control, the ADG enriched with tea extracts 
offered a protein scaffold that strengthened the yoghurt's structure when low level of tea 
infusion added (15% and 30%).  Smaller pores and denser casein micelles were formed in 
ADG with low level of tea infusion in all types of tea especially for oolong tea. Visualisation 
of the microstructure revealed that protein-polyphenol complex could behave as active 
fillers, providing interconnections between protein in the acidified gels with a smaller 
proportion of localised dense aggregates.  
Ai et al. (2019b) added the tea polyphenols (TP) into duck white gel and they found that 
the degree of non-specific cross-linking and surface hydrophobicity of the proteins after 
the addition of TP increased significantly, which led to a change the three-dimensional 
network structure. Also, their supposition on the calcium bridge which causes proteins to 
aggregate and form cluster-like or granular microstructures could be an explanation of the 
formation of microstructure when proteins interacted with calcium and polyphenols. 
Zhou et al. (2019) used TP to modify the egg white (EW) then utilize EW on surimi. They 
stated that TP cross-linked with EW proteins, thereby yielding a more compact and denser 
gel network which agree with our results of low content of tea extracts. 
These reports are in agreement with the observations of how the tea polyphenol from 
green, oolong and black tea interacted with the protein networks in the acidified dairy gels 





Results of secondary structures and particle size of tea enriched ADG 
7.1 Fourier Transform Infrared Spectroscopy (FT-IR) of tea enriched ADG 
The FT-IR spectra of ADGs in in the range of 4000-400 cm-1 are shown in Figures 7.1 to 7.3.  
For the ADGs investigated, FT-IR spectra showed similar trends in the water region (3000 to 3500 
cm-1). The broad peak in the water region located in 3300-3500 cm-1 band is the fingerprint area 
which represents  stretching vibration of O─H groups of hydroxyl group engaged in intramolecular 
hydrogen bond originating from phenols (3200-3400 cm-1) and N─H group from amino acids 
(3400-3500 cm-1)  (Pagacz-Kostrzewa, Saldyka, Wierzejewska, Khomenko, & Doroschuk, 2016). 
Kanakis et al. (2011b) reported a common fingerprint band for protein secondary structure: α-
helix (1657–1651 cm-1), β-sheet (1634–1608 cm-1), turn (1670–1667 cm-1), and β-antiparallel 
(1691–1686 cm-1). 
The ADG samples which were enriched with three types of tea showed similar trends in spectra 
(Figure 7.1 to 7.3). The O─H bond and N─H bond decreased after tea infusions were added, except 
ADG with 60% tea infusion. The possible explanation could be the extra O─H bonds in the phenolic 
molecules exceeded the O─H bonds loss after the proteins interacted with polyphenols in the 
ADG with 60% tea infusion. The main differences were observed in the amide I, amide II and 




For the ADG-G samples, the noticeable band shifts were noted in the region of flexural vibrations 
for the protein amide I band (mark as I) at 1600-1700 cm-1, amide II band (mark as II) at 1500-
1600 cm−1 and amide III band (mark as III) at ~1200-1400 cm-1 as shown in Figure 7.1 to 7.3.   
 
Figure 7.1 FT-IR spectra of green tea enriched acidified dairy gel. PADG: plain acidified dairy gel, 15%GT-
ADG: acidified dairy gel containing 15% green tea infusion, 30%GT-ADG: acidified dairy gel 
containing 30% green tea infusion, 60%GT-ADG: acidified dairy gel containing 60% green tea 
infusion. 
 
Figure 7.2 FT-IR spectra of oolong tea enriched acidified dairy gel. PADG: plain acidified dairy gel, 15%OT-
ADG: acidified dairy gel containing 15% oolong tea infusion, 30%OT-ADG: acidified dairy gel 






Figure 7.3 FT-IR spectra of black tea enriched acidified dairy gel. PADG: plain acidified dairy gel, 15%BT-
ADG: acidified dairy gel containing 15% black tea infusion, 30%BT-ADG: acidified dairy gel containing 
30% black tea infusion, 60%BT-ADG: acidified dairy gel containing 60% black tea infusion. 
Amide I band consists of 1695 cm−1 (aggregated β sheets), 1670 cm−1, 1663 cm−1 (β turns), 
1653 cm−1 (α helix), 1645 cm−1 (unordered structures) (Rozenberg et al., 2019). The increasing 
peak at ~1660 cm-1 compared to the control in Figure 7.1 indicated that the protein structure 
reformed with more β turns and α helix after addition of green tea infusion. The same trend was 
observed in ADG30%-O, ADG60%-O (Figure 7.2) and ADG60%-B (Figure 7.3). However, ADG15%-B and 
ADG30%-B (Figure 7.3) remain the same level at ~1660 cm-1 and the ADG15%-O (Figure 7.2) 
decreased at 1660 cm-1. The different patterns between the three types of tea could be the 
different constitution of polyphenols. 
Amide II occurs in the 1600–1500 cm–1 region and derives mainly from N─H bending and from the 
C─N stretching vibration (Akyuz, Akyuz, Celik, & Atak, 2018). The peak in amide III at ~1242 cm-1 
would be related to O-H bending vibration (Oliveira et al., 2016). The changes in amide II and 
amide III is the same as amide I. The N─H bending, C─N stretching and O─H bending increased 




 Sun, Liang, Yu, Tan, and Cui (2016) reported that infrared absorption peak of N–H had red shift 
and was caused by a hydrogen bond. In our results, it was suspected that the electrostatic forces 
between dairy protein and tea polyphenols weakened the formation of hydrogen bond except 
for 15% oolong tea-ADG sample. 
7.2 Circular dichroism (CD) plots of tea enriched ADG 
Understanding the characterization of protein-folding intermediates is important and CD 
spectrum is extensively used for the determination of protein-folding intermediates (Woody, 
2004) as UV CD spectra is a direct reflection of protein secondary structure (Wu, Zhang, Kong, & 
Hua, 2009). When the chromophores of the amides of the polypeptide backbone of proteins are 
aligned in arrays, their optical transitions are shifted or split into multiple transitions due to 
“exciton” interactions (Greenfield, 2006). 
UV CD spectra were showed in the Figure 7.4 to 7.6. Optical rotatory activity of α-helix and β-
structure in the 180–260 nm region permitted the use of CD studies for investigation of 
conformational changes. 
Figure 7.4 shows the CD spectra of green tea enriched ADG. The spectra presented a negative 
peak near 185 nm. The intensity of peaks in CD spectra reflected the magnitude of the elliptical 
of the protein (Zhao, Ao, Du, & Zhu, 2011). The spectra of ADG-Gs were not significantly different 
from that of the control were obtained in the far-UV region. The results indicated that the 





Figure 7.4 UV CD spectra evaluating the effect of green tea extracts on the secondary structure of 
acidified dairy gel. PADG: plain acidified dairy gel, 15G: acidified dairy gel containing 15% 
green tea infusion, 30G: acidified dairy gel containing 30% green tea infusion, 60G: acidified 
dairy gel containing 60% green tea infusion. 
Figure 7.5 and 7.6 show CD spectra of oolong tea and black tea enriched ADG, respectively. The 
addition of oolong tea and black tea changed the negative peak at about 185nm which indicated 







Figure 7.5 UV CD spectra evaluating the effect of oolong tea extracts on the secondary structure 
of acidified dairy gel. PADG: plain acidified dairy gel, 15O: acidified dairy gel containing 15% 
oolong tea infusion, 30O: acidified dairy gel containing 30% oolong tea infusion, 60O: acidified 
dairy gel containing 60% oolong tea infusion. 
 
Figure 7.6 UV CD spectra evaluating the effect of black tea extracts on the secondary structure of 
acidified dairy gel. PADG: plain acidified dairy gel, 15B: acidified dairy gel containing 15% black 
tea infusion, 30B: acidified dairy gel containing 30% black tea infusion, 60B: acidified dairy gel 




The possible explanation of the difference between CD spectra of ADG-G, ADG-O and ADG-
B samples could be due to the different constitution of polyphenols among different types 
of tea.  Lee, Lee, and Lee (2002) reported that theaflavins (2–6% of extracted solids) and 
thearubigens (>20%) are high in black tea, whereas green tea is higher (30–42%) in 
catechins. Therefore, the interaction between theaflavins and protein, or thearubigens and 
protein, has more impact on the secondary structure compared to catechins and protein. 
In general, CD spectra in the far-UV (180–260 nm) region reflect the secondary structure of 
a protein (Zhao et al., 2011). In the far-UV region, the spectrum of ADGs depended on the 
different constitution of phenolic compounds in different types of tea. The spectra of the 
native soy protein showed one strong negative peak in the vicinity of 185 nm. 
7.3 X-ray diffraction (XRD) of tea enriched ADGs 
The structural properties of ADGs were studied by XRD and the comparisons of the control and 

















Figure 7.7 X-ray diffraction pattern of ADG 
powders from green oolong and black tea at 
































Table 7.1 2θ value of X-ray diffraction of powders of ADG enriched with green oolong and black tea 
infusion at concentration of 15, 30 and 60%. 























The control sample and probiotic ADGs showed a high crystalline peak at a 2θ value of about 
20.00° and a small peak at a 2θ value of about 10.00°. The XRD results indicated that the structure 
of ADG was not significant changed by the addition of tea extracts (Table 7.1). Zhao et al. (2015) 
reported that the peak angles of α-helix and β-sheet structure in proteins obtained by X-ray were 
at 2θ around 10° and 20°, respectively.  
Although the characterized peaks were not significantly changed by the addition of tea extracts, 
the intensity of the peaks were changed in ADG30%-GT with a lower peak at 9.71° compared to 
the control, which in turn indicated a slightly decrease for α-helix.  
The XRD spectra of the ADGs showed a similar pattern to the UV CD results which indicated that 

















7.4 Particle size of tea enriched ADGs 
The distribution of particle sizes in milk was obtained by dynamic light scattering (DLS) and the 
distributions are shown in Table 7.2. 
Table 7.2 Summary of particle size of studied ADGs. D10, D50, and D90 are the diameters (μm) where 10%, 
50%, and 90% of all powder particles have smaller size, respectively. n = 3.  
A-E Means ± SD within a column with different superscripts differ (P ≤ 0.05). 
The particle size of the green tea enriched ADGs was similar to the control sample when 15% or 
30% green tea infusion was added but the degree of their dispersion was greater in green tea 
enriched ADG control (P < 0.05). The addition of oolong tea and black tea into ADG showed a 
decreasing effect on particle size regardless of the concentration (P < 0.05). The ADG60%-G sample 
showed similar results.  
Ahmed, Al-Jassar, and Thomas (2015); Ullah et al. (2019) and Ahmed, Al-Attar, and Arfat 
(2016)reported that the particle size significantly affected composition, hydration and 
microstructural properties which partly agree with our results.  The negative correlation between 
particle size and WHC could be because the greater surface area is exposed to water molecules 
binding in fine particles, inducing higher water intake.  
 D10 (µm) D50 (µm) D90 (µm) Mean ± SD (µm) 
ADG 3.61 ± 0.07A 25.30 ± 2.10C 45.99 ± 5.10D 26.14 ± 3.28C 
ADG15%-G 3.58 ± 0.02A 28.19 ± 0.25C 57.85 ± 1.36E 29.57 ± 0.28C 
ADG15%-O 3.90 ± 0.13B 11.61 ± 0.35B 31.29 ± 1.03C 15.21 ± 0.39B 
ADG15%-B 4.60 ± 0.07C 9.66 ± 0.02A 18.29 ± 0.40B 11.06 ± 0.49A 
ADG30%-G 3.95 ± 0.03B 25.92 ± 1.80C 59.42 ± 6.40E 29.05 ± 2.26C 
ADG30%-O 4.14 ± 0.03B 10.51 ± 0.18B 25.81 ±1.90C  13.62 ± 1.53B 
ADG30%-B 4.80 ± 0.02C 9.21 ± 0.09A 15.55 ± 0.26A 11.46 ± 2.61A 
ADG60%-G 4.11 ± 0.06B 10.25 ± 0.23B  28.41 ± 0.13C 15.52 ± 1.04B 
ADG60%-O 4.58 ± 0.04C 9.83 ± 0.28B 18.79 ± 0.84B  11.07 ± 0.35A 





In this chapter, the secondary structure of tea enriched ADGs was estimated by FTIR, CD, XRD and 
DLS. 
The FTIR fingerprint can discriminate the changes of secondary structure of proteins, identify 
specific absorption peaks for α-helix (1657–1651 cm-1), β-sheet (1634–1608 cm-1), turn (1670–
1667 cm-1), and β-antiparallel (1691–1686 cm-1), 1660 cm-1. Main differences were observed in 
bands: 1695 cm−1 (aggregated β sheets), 1670 cm−1, 1663 cm−1 (β turns), 1653 cm−1 (α helix), 
1645 cm−1 (unordered structures), 1600 – 1500 cm–1 region and derives (mainly from N─H 
bending and from the C─N stretching vibration) and ~1242 cm-1 (O-H bending vibration). 
Sun et al. (2016) gained similar plots when exploring the interaction between starch and protein. 
The possible explanation is that hydrogen bond, electrostatic adhesion and steric stabilization 
were involved both in the interaction between starch and protein as well as polyphenols and 
protein. 
As CD measurement, the possible explanation of the difference between CD spectra of ADG-G, 
ADG-O and ADG-B samples could be due to the different constitution of polyphenols among 
different types of tea. The compositions of three types of tea are very different such as  
theaflavins (2–6% of extracted solids) and thearubigens (>20%) are high in black tea, whereas 
green tea is higher (30–42%) in catechins as Lee et al. (2002) reported. The CD plots showed that 
the interaction between theaflavins and protein, or thearubigens and protein, has more impact 
on the secondary structure compared to catechins and protein. 
There are small changes appeared at the small peak at a 2θ value of about 10.00° in XRD 
measurement. Chen et al. (2013) also noticed differences at 2θ value of about 10.00° when 




extracting methods indicated the position of 2θ = 10.00° is sensitive to structure changes of 
protein and can be a characteristic peak. 
Particle size is highly related to hydration, microstructural and textural properties of food matrix. 
In our experiments, green tea infusion had no significant impact (P < 0.05) on particle size at lower 
level (15 and 30%). The addition of oolong tea and black tea infusion decreased the particle size 
(P < 0.05) of the ADG regardless of concentration along with ADG60%- G. Poppitt et al. (2018) found 
that dairy fat can significantly increase the particle size of yoghurt which could partly explain the 







                                                                                                 
Correlation coefficient and principle component analysis 
8.1 Pearson correlation coefficients of ADGs 
To ascertain the significant relationships between the physicochemical properties and antioxidant 
capacity, firmness, cohesiveness, pH value, content of calcium ion, EOS, WHC, ABTS, DPPH, FRAP 
and TPC were used to perform a Person's correlation coefficients analysis. These Pearson 
correlation coefficients of different ADG samples were showed in Figure 8.1 to 8.3. 
One common correlation shared by the three types of tea enriched ADG is that antioxidant related 
parameters (DPPH, FRAP and ABTS) were significantly correlated with TPC (for ADG-Gs, r = 0.996, 
0.983 and 0.995, respectively; for ADG-Os, r = 0.967, 0.979 and 0.972, respectively; for ADG-Bs, r 
= 0.851, 0.795 and 0.881, respectively, P < 0.005). These correlations indicate that the 
polyphenols provide the most of antioxidant capacity in tea. Zhao et al. (2008) reported that TPC 
was strongly correlated with DPPH and ABTS on malting barley samples and Bozdogan et al. 
(2018) also found that TPC strongly correlated with DPPH and FRAP value on edible mushroom. 
Another common correlation was that the content of calcium ions was significantly negatively 
correlated with antioxidant related parameters (DPPH, FRAP and ABTS) and TPC (for ADG-Gs, r = 
0.-670, -0.637, 0.-689 and 0.672, respectively; for ADG-Os, r = -0.850, -0.866, -0.879 and -0.808, 
respectively; for ADG-Bs, r = -0.626, -0.747, -0.694 and -0.526, respectively, P < 0.005) which 
indicated that the calcium ions played an important role in the interactions related to 




three types of ADG (r = -0.888 for ADG-Gs, P < 0.01; -0.873 for ADG-Os, P < 0.005 and -0.899 for 
ADG-Bs, P < 0.005)  
The content of calcium ions was significantly correlated with EOS for ADG-G and ADG-O samples 
(r = -0.524 and -0.490, respectively, P < 0.005) whereas they have no significant correlation for 
ADG-B samples. WHC was significantly negatively correlated with antioxidant parameters (DPPH, 
FRAP and ABTS) and TPC for ADG-O samples (r = -0.607, -0.588, -0.611 and -588, respectively, P < 
0.005) while the WHC was also correlated with antioxidant parameters and TPC for ADG-G and 










Table 8.1 Pearson correlation coefficient of green tea enriched ADGs 
 
Firmness COH pH Ca2+ EOS WHC ABTS DPPH FRAP 
COH -0.888* 
       
 
pH 0.070 -0.059 
      
 
Ca2+ 0.279 -0.316* 0.512** 
     
 
EOS -0.225 0.176 -0.479* -0.524* 
    
 
WHC -0.063 0.127 -0.346** 0.125 -0.198 
   
 
ABTS -0.143 0.241 0.057 -0.689** 0.205 -0.321* 
  
 
DPPH -0.150 0.249 0.059 -0.670** 0.194 -0.302* 0.996** 
 
 
FRAP -0.075 0.195 0.067 -0.637** 0.151 -0.272 0.987** 0.985**  
TPC -0.145 0.242 0.061 -0.672** 0.193 -0.314* 0.995** 0.996** 0.983** 
* = P < 0.01(coefficient significant at 1% significance level), ** = P < 0.005 (coefficient significant at 0.5% significance level) 











Table 8.2 Pearson correlation coefficient of oolong tea enriched ADGs 
 
Firmness COH pH Ca2+ EOS WHC ABTS DPPH FRAP 
COH -0.873** 
       
 
pH 0.067 -0.020 
      
 
Ca2+ 0.140 -0.189 0.447** 
     
 
EOS -0.210 0.165 -0.621** -0.490** 
    
 
WHC 0.213 -0.262 0.189 0.534** -0.538** 
   
 
ABTS -0.160 0.189 -0.210 -0.879** 0.454** -0.611** 
  
 
DPPH -0.178 0.200 -0.175 -0.850** 0.417** -0.607** 0.993** 
 
 
FRAP -0.149 0.189 -0.204 -0.866** 0.453** -0.588** 0.993** 0.981**  
TPC -0.088 0.135 -0.165 -0.808** 0.400** -0.588** 0.972** 0.967** 0.979** 
* = P < 0.01(coefficient significant at 1% significance level), ** = P < 0.005 (coefficient significant at 0.5% significance level) 








Table 8.3 Pearson correlation coefficient of black tea enriched ADGs 
* = P < 0.01(coefficient significant at 1% significance level), ** = P < 0.005 (coefficient significant at 0.5% significance level) 







FIRMNESS COH pH Ca2+ EOS WHC ABTS DPPH FRAP 
COH -0.899** 
       
 
pH -0.599** 0.552** 
      
 
Ca2+ 0.055 -0.065 0.505** 
     
 
EOS -0.474** 0.487** 0.366** 0.190 
    
 
WHC 0.497** -0.499** -0.307* 0.267 -0.131 
   
 
ABTS -0.579** 0.609** -0.025 -0.694** 0.153 -0.404* 
  
 
DPPH -0.589** 0.598** -0.006 -0.626** 0.254 -0.379** 0.940** 
 
 
FRAP -0.550** 0.587** -0.083 -0.747** 0.170 -0.446** 0.978** 0.935**  




8.2 Principal component analysis (PCA) of ADGs 
Principal component analysis (PCA) is one of the main approaches in chemometrics, and is  
extensively used for the classification study in the field of food research (Yi et al., 2015). To 
simplify the correlation between physicochemical properties and antioxidant capacity, Firmness, 
cohesiveness, pH value, content of calcium ion, EOS, WHC, ABTS, DPPH, FRAP and TPC were 
used for PCA analysis. Plots of PCA are displayed in Figure 8.1 to 8.3.  
PCA of the physicochemical properties and antioxidant properties for green tea enriched ADG, as 
show in Figure 8.1, explained 71.0% of the variation in the first two principal components with 
48.2% and 20.8%, respectively. The main difference between PC1 and PC2 is that PC1 strongly 
associated with the value of TPC, DPPH, ABTS and FRAP but values of EOS, pH were the 
dominant variables for PC2.  
PCA of the physicochemical properties and antioxidant properties for oolong tea enriched ADG, 
as show in Figure 8.2, explained 75.0% of the variation in the first two principal components with 
58.2% and 16.8%, respectively. The PC1 mainly represented the value of TPC, DPPH, ABTS and 
FRAP and Ca2+ while the PC2 mainly represented the value of cohesiveness and pH. 
PCA of the physicochemical properties and antioxidant properties for black tea enriched ADG, as 
show in Figure 8.1, explained 79.1% of the variation in the first two principal components with 
54.9% and 24.8%, respectively. The characteristic parameters for the first principal component are 
the value of TPC, DPPH, ABTS and FRAP and for second principal component are the value of 




The results of different formulations could be better differentiated in Figure 8.1a, 8.2a and 8.3a  
and the results of different storage periods could be better differentiated in Figure 8.1b, 8.2b and 
8.3b which indicated that the antioxidant properties were mainly influenced by the different 
concentrations of tea infusion, but the physicochemical properties were mainly influenced by 
storage period. The distributive points in the plots grouped by storage time (Figure 8.1a, 8.2a and 
8.3a)  are hard to split one group from another which suggested the cold storage had little impact 
on the parameters involved whereas the distributive points in the plots sorted by the different 
formulas (Figure 8.1b, 8.2b and 8.3b) are easily differentiated from other groups which indicated 

















Figure 8.1 PCA of green tea enriched acidified dairy gels. PC1 strongly associated with TPC, DPPH, ABTS and FRAP; 
PC2 strongly associated with values of EOS, pH value. Figure 8.1a is PCA plot based on different storage time; 
Figure 8.1b is PCA plot based on different formula. 
  
Figure 8.2 PCA of oolong tea enriched acidified dairy gels. PC1 strongly associated with TPC, DPPH, ABTS and FRAP 
and Ca2+; PC2 strongly associated with values of cohesiveness, pH, firmness. Figure 8.2a is PCA plot based on 








Figure 8.3 PCA of black tea enriched acidified dairy gels. PC1 strongly associated with TPC, DPPH, ABTS and FRAP; 
PC2 strongly associated with values of EOS, pH and Ca2+. Figure 8.3a is PCA plot based on different storage time; 







 General discussion and conclusions 
9.1 General discussion 
The first aspect of this study investigated the effects of tea extracts on the physicochemical and 
textural properties of ADG.  The decrease of content of calcium ion as the concentration of tea 
extracts increased indicated that the tea polyphenols were responsible for the reduction of 
calcium ions. The pH value of all ADG samples were gradually decreasing over time during cold 
storage. There was significant (P < 0.05) improvement in EOS and WHC as addition of tea infusion 
increased from 0% to 30% for green tea and oolong tea enriched ADG. Previous studies have 
found that a high content of green tea powder (2%, w/w) increased syneresis rate in yoghurt 
which led to an increase of serum separation (Donmez et al., 2017) whereas 1% of green tea 
powder could decrease the syneresis rate which is in agreement with our results. The same 
research also pointed out that green coffee powder (2%, w/w) could decrease the syneresis rate 
in yoghurt and postpone the serum separation. They also conducted experiments on 21 days of 
cold storage and stated that the storage time had no significant effects on syneresis. The 
differences in the polyphenol profiles of green tea and green coffee played a certain role on the 
observed differences of the yoghurts added with their powders. 
The addition of oolong tea infusion undermines the hardness and adhesiveness of ADG regardless 
of concentration in set yoghurt and only 45% and 60% green tea and black tea infusion damaged 
the texture of set yoghurt in terms of hardness and adhesiveness. Similar experiments were 




that low content (10% tea infusion) of tea infusion had no significant effects on firmness but 
improve the performance of cohesiveness which is partly agree with the results of this study. 
Chapter 5 presented results on the effects of tea infusion on antioxidant capacity of ADGs. The 
high antioxidant capacity is the most important nutritional value of tea and it has been reported 
for decades and has been paid more and more attention (Bakht et al., 2019; Chen, Zhang, Qu, & 
Xie, 2008; Pekal, Drozdz, & Pyrzynska, 2012; Peluso & Serafini, 2017; Tanizawa et al., 1984; Xie et 
al., 2018; Yang et al., 2017; Zhao, 2003; Zhao, Li, He, Cheng, & Xin, 1989; Zhao et al., 2019). The 
tea extracts may also be used as a feed additive or a food preservation (Fang et al., 2019; 
Fernandez et al., 2018). The tea extracts significantly improved the antioxidant capacity of ADG 
in our research even in lowest concentration (15%). To assess the bioavailability, intake rate and 
metabolism, we utilized the CAA assay (Wolfe & Liu, 2007). The CAA results showed the oolong 
tea was highest on intake rate during cell culture. 
Chapter 6 reported the effects of incorporating tea extracts into acidified dairy gels on 
microstructure. As a result, the low content (15% and 30%) of tea extracts improved the 
performance of ADG in terms of microstructure and high content (45% and 60%) of tea extracts 
destabilised the system. Nguyen, Schwendel, et al. (2018) and Nguyen, Afsar, et al. (2018) 
reported the similar structure. The cold storage had no severe impact on microstructure of ADGs.   
In Chapter 7 and Chapter 8, the secondary structure of ADGs and the correlation between 
physicochemical parameters were studied. The addition of tea extracts had no significant impact 
of secondary structure in terms of XRD, CD and FT-IR but the addition of oolong tea and black tea 




textural properties. The results of Pearson’s correlation coefficient and PCA showed the 
significant correlation between TPC and antioxidant parameters (DPPH, FRAP and ABTS) as well 
as other physicochemical parameters. 
9.2 Conclusions 
9.2.1 The effects of tea extracts on physicochemical and textural properties 
The pH value decreased over time during the cold storage in all samples with no significant 
differences (P < 0.05) among different formulas.  The addition of tea extracts undermined the 
content of calcium ions suggested that the calcium ions played a certain role in the interactions 
related to polyphenols.  
The addition of green tea and oolong tea extracts improved the performance of EOS and WHC 
when 15% and 30% tea infusion were added (P < 0.05). The black tea extracts showed negative 
effects regardless of concentration. 
The addition of oolong tea infusion undermines the hardness and adhesiveness of ADG regardless 
of concentration in set yoghurt and only 45% and 60% green tea and black tea infusion damaged 
the texture of set yoghurt in terms of hardness and adhesiveness. Low content (15% and 30%) of 
green tea and black tea infusion had no significant impact on textural properties of ADG. 
9.2.2 The improving effects of tea extrats on antioxidant capacity of ADG 
The tea extracts significantly increased the antioxidant capacity of ADG (P < 0.05) from 2.5-fold 
to 60-fold depends on assay adopted. The green tea showed highest antioxidant capacity in terms 




correlated to TPC which suggested that the polyphenols is the main source of the antioxidant 
capacity of tea. 
9.2.3 Anti-proliferative and cell antioxidative activity of ADGs 
The plain ADG and the tea enriched ADGs both showed strong anti-proliferative activity and the 
results of CAA assay indicated that the oolong tea had the highest intake rate which obtained 
similar results as green tea enriched samples in PBS wash experiment although the TPC and 
antioxidant capacity of oolong tea are lower than those of green tea. The black tea enriched ADG 
had a lower CAA results but similar intake rate compares to green tea enriched ADG. 
9.2.4 The microstrcuture and secondary structure of ADG 
The images of SEM and CLSM measurements suggested that the low content (15% and 30%) of 
tea extracts improved the performance of ADG in terms of microstructure, whilst the high content 
(45% and 60%) of tea extracts destabilised the system. The cold storage had no severe impact on 
microstructure of ADGs.   
The addition of tea extracts had no significant impact of secondary structure in terms of XRD, CD 
and FT-IR but the addition of oolong tea and black tea extracts significantly changed the particle 
size of ADG which could be related to the changes of textural properties. 
9.2.5 Possible interactions between tea components and casein micelles and beta-
lactoglobulin (β-LG) 
Protein-polyphenol interactions are mainly driven by hydrogen bridging between the phenolic 
hydroxyl and peptide carbonyl, as well as interactions between hydrophobic amino acid 




Tea catechins have a strong attraction to proline residues (Haratifar & Corredig, 2014). 
Hypothesis is that EGCG associated with the residues present close to the point of cleavage of κ-
casein which makes residues 98–111 (His-Pro-His-Pro-His-Leu-Ser-Phe-Met-Ala-Ile-Pro-Pro-Lys) 
the most likely to interact with casein. Haratifar and Corredig (2014) also studied casein macro-
peptide release to verify their hypotheses using a solution of sodium caseinate containing EGCG. 
Caseins will no longer be the micellar form in sodium caseinate suspensions, but are monomeric 
form (Ozdal, Capanoglu, & Altay, 2013). Their results confirmed that EGCG strongly interacts 
with caseins and the interaction also hinders the accessibility of the enzyme to the caseins.  
A study carried out by Oliveira et al. (2015) suggested that (+)-catechin, (-)-epicatechin mainly 
interacts with β-LG. The results also indicated that the certain additive like neutral hydrocolloids 
(e.g. xanthan and guar) could minimise polyphenols interaction with proteins.  
Charlton et al. (2002) created a 3-step model of polyphenol-peptides interaction. The initial 
interaction is the complexation of the peptide by molecules of polyphenol to form soluble 
aggregates. The aggregates are single peptide molecules with polyphenols bound by the 
hydrophobic face of the aromatic rings to the pyrrolidine ring of the proline residues. The 
second stage took place between two polyphenol-coated peptide molecules, driven by 
cooperative weak intermolecular bridging effects from the polyphenol. The size of the complex 
was doubled, which renders the complex insoluble. In the third stage, a small number of these 
peptide masks aggregate together until the charge repulsion between them neutralize the 




Finally, the spontaneous aggregation of these insoluble aggregates into larger complexes which 
is simply seen as a phase separation process in vision. The 3-step interaction model created by 
Charlton et al. (2002) firmly agree with our results from low level of tea infusion added samples 
to high level of tea infusion added samples, especially the black tea enriched samples. We can 
clearly see small floccules in 30% black tea enriched ADG and went through a phase separation  
in 60% black tea enriched ADG. 
9.3 Possible future works 
9.3.1 Investigation of interaction between the tea polyphenols and casein or whey 
protein 
The present study investigated the interaction between tea polyphenols and proteins using SMP 
which left the deep mechanism still remain unclear.  
So, the future investigation should include: 
1. The secondary structure of the polyphenol-casein complexes or the polyphenol-whey 
complexes. 
2. How the molecular weight of protein effects the polyphenol-protein interactions. 
9.3.2 The effect of tea extracts on the microbial-fermented yoghurt 
The present study used ADG model as a mimic of yoghurt therefore how the tea extracts affect 
the fermentation process should be investigated which could include: 




2.  The effects of microbial activity during yoghurt fermentation on the antioxidant capacity 
of yoghurt (compare to ADG model). 
9.3.3 Sensory evaluation of different types of tea enriched yoghurt 
The addition of tea extracts changes the colour and flavour of food matrix. Therefore, after the 
microbiological profiles of tea enriched yoghurt are tested to ensure their hygiene safety for 









Acuie-Beghin, V., Sausse, P., Meudec, E., Cheynier, V., & Douillard, R. (2008). Polyphenol-beta-Casein 
Complexes at the Air/Water Interface and in Solution: Effects of Polyphenol Structure. Journal of 
Agricultural and Food Chemistry, 56(20), 9600-9611. doi:10.1021/jf801672x 
Agrawal, R. (2005). Probiotics: An emerging food supplement with health benefits. Food Biotechnology, 
19(3), 227-246. doi:10.1080/08905430500316474 
Aguilar-Toala, J. E., Garcia-Varela, R., Garcia, H. S., Mata-Haro, V., Gonzalez-Cordova, A. F., Vallejo-
Cordoba, B., & Hernandez-Mendoza, A. (2018). Postbiotics: An evolving term within the 
functional foods field. Trends in Food Science & Technology, 75, 105-114. 
doi:10.1016/j.tifs.2018.03.009 
Ahmed, J., Al-Attar, H., & Arfat, Y. A. (2016). Effect of particle size on compositional, functional, pasting 
and rheological properties of commercial water chestnut flour. Food Hydrocolloids, 52, 888-895. 
doi:10.1016/j.foodhyd.2015.08.028 
Ahmed, J., Al-Jassar, S., & Thomas, L. (2015). A comparison in rheological, thermal, and structural 
properties between Indian Basmati and Egyptian Giza rice flour dispersions as influenced by 
particle size. Food Hydrocolloids, 48, 72-83. doi:10.1016/j.foodhyd.2015.02.012 
Ai, M., Zhou, Q., Guo, S., Ling, Z., Zhou, L., Fan, H., . . . Jiang, A. (2019a). Effects of tea polyphenol and 
Ca(OH)2 on the intermolecular forces and mechanical, rheological, and microstructural 
characteristics of duck egg white gel. Food Hydrocolloids, 94, 11-19. 
doi:https://doi.org/10.1016/j.foodhyd.2019.03.002 
Ai, M. M., Zhou, Q., Guo, S. G., Ling, Z. T., Zhou, L. D., Fan, H., . . . Jiang, A. M. (2019b). Effects of tea 
polyphenol and Ca(OH)(2) on the intermolecular forces and mechanical, rheological, and 
microstructural characteristics of duck egg white gel. Food Hydrocolloids, 94, 11-19. 
doi:10.1016/j.foodhyd.2019.03.002 
Akyuz, S., Akyuz, T., Celik, O., & Atak, C. (2018). FTIR spectroscopy of protein isolates of salt-tolerant 
soybean mutants [journal article]. Journal of Applied Spectroscopy, 84(6), 1019-1023. 
doi:10.1007/s10812-018-0580-1 
Al-Dabbas, M. M., Al-Ismail, K., Kitahara, K., Chishaki, N., Hashinaga, F., Suganuma, T., & Tadera, K. 
(2007). The effects of different inorganic salts, buffer systems, and desalting of Varthemia crude 
water extract on DPPH radical scavenging activity. Food Chemistry, 104(2), 734-739. 
doi:10.1016/j.foodchem.2006.10.080 
Alaerts, G., Van Erps, J., PietersA, S., Dumarey, M., van Nederkassel, A. M., Goodarzi, M., . . . Vander 
Heyden, Y. (2012). Similarity analyses of chromatographic fingerprints as tools for identification 
and quality control of green tea. Journal of Chromatography B-Analytical Technologies in the 
Biomedical and Life Sciences, 910, 61-70. doi:10.1016/j.jchromb.2012.04.031 
Albuquerque, K. F. F. S., Marinovic, M. P., Morandi, A. C., Bolin, A. P., & Otton, R. (2016). Green tea 
polyphenol extract in vivo attenuates inflammatory features of neutrophils from obese rats 
[journal article]. European Journal of Nutrition, 55(3), 1261-1274. doi:10.1007/s00394-015-0940-
z 
Alexander, M., & Dalgleish, D. G. (2006). Dynamic light scattering techniques and their applications in 
food science [journal article]. Food Biophysics, 1(1), 2-13. doi:10.1007/s11483-005-9000-1 
Aroyeun, S. O. (2013). Crude fibre, water extracts, total ash, caffeine and moisture contents as diagnostic 
factors in evaluating green tea quality. Italian Journal of Food Science, 25(1), 70-75. 
Bakht, M. A., Geesi, M. H., Riadi, Y., Imran, M., Ali, M. I., Ahsan, M. J., & Ajmal, N. (2019). Ultrasound-




potential and thermodynamic study. Saudi Journal of Biological Sciences, 26(5), 1043-1052. 
doi:10.1016/j.sjbs.2018.07.013 
Balentine, D. A., Wiseman, S. A., & Bouwens, L. C. M. (1997). The chemistry of tea flavonoids. Critical 
Reviews in Food Science and Nutrition, 37(8), 693-704. 
Bandyopadhyay, P., Ghosh, A. K., & Ghosh, C. (2012). Recent developments on polyphenol-protein 
interactions: effects on tea and coffee taste, antioxidant properties and the digestive system. 
Food & Function, 3(6), 592-605. doi:10.1039/c2fo00006g 
Berova, N., Di Bari, L., & Pescitelli, G. (2007). Application of electronic circular dichroism in 
configurational and conformational analysis of organic compounds. Chemical Society Reviews, 
36(6), 914-931. doi:10.1039/b515476f 
Biswas, S., Das, R., & Banerjee, E. R. (2017). Role of free radicals in human inflammatory diseases. Aims 
Biophysics, 4(4), 596-614. doi:10.3934/biophy.2017.4.596 
Bourassa, P., Côté, R., Hutchandani, S., Samson, G., & Tajmir-Riahi, H.-A. (2013). The effect of milk alpha-
casein on the antioxidant activity of tea polyphenols. Journal of Photochemistry and 
Photobiology B: Biology, 128, 43-49. doi:https://doi.org/10.1016/j.jphotobiol.2013.07.021 
Bozdogan, A., Ulukanli, Z., Bozok, F., Eker, T., Dogan, H. H., & Buyukalaca, S. (2018). Antioxidant potential 
of Lactarius deliciosus and Pleurotus ostreatus from Amanos Mountains. Advancements in Life 
Sciences, 5(3), 113-120. 
Bruzzone, F., Ares, G., & Gimenez, A. (2013). Temporal aspects of yoghurt texture perception. 
International Dairy Journal, 29(2), 124-134. doi:10.1016/j.idairyj.2012.10.012 
Buhl, T. F., Christensen, C. H., & Hammershøj, M. (2019). Aquafaba as an egg white substitute in food 
foams and emulsions: Protein composition and functional behavior. Food Hydrocolloids, 96, 354-
364. doi:https://doi.org/10.1016/j.foodhyd.2019.05.041 
Buldo, P., Benfeldt, C., Folkenberg, D. M., Jensen, H. B., Amigo, J. M., Sieuwerts, S., . . . Ipsen, R. (2016). 
The role of exopolysaccharide-producing cultures and whey protein ingredients in yoghurt. Lwt-
Food Science and Technology, 72, 189-198. doi:10.1016/j.lwt.2016.04.050 
Butt, M. S., & Sultan, M. T. (2009). Green tea: Nature's defense against malignancies. Critical Reviews in 
Food Science and Nutrition, 49(5), 463-473. doi:10.1080/10408390802145310 
Cabrera, C., Artacho, R., & Gimenez, R. (2006). Beneficial effects of green tea - A review. Journal of the 
American College of Nutrition, 25(2), 79-99. 
Carneiro, B. M., Batista, M. N., Braga, A. C. S., Nogueira, M. L., & Rahal, P. (2016). The green tea molecule 
EGCG inhibits Zika virus entry. Virology, 496, 215-218. 
doi:http://dx.doi.org/10.1016/j.virol.2016.06.012 
Carnovale, V., Labaeye, C., Britten, M., Couillard, C., & Bazinet, L. (2016). Effect of various calcium 
concentrations on the interactions between β-lactoglobulin and epigallocatechin-3-gallate. Int. 
Dairy J., 59, 85-90. doi:https://doi.org/10.1016/j.idairyj.2016.03.008 
Cartasev, A., & Rudic, V. (2017). The effect of starter culture producing exopolysaccharide on 
physicochemical properties of yoghurt. Chemistry Journal of Moldova, 12(2), 7-12. 
doi:10.19261/cjm.2017.440 
Charlton, A. J., Baxter, N. J., Khan, M. L., Moir, A. J. G., Haslam, E., Davies, A. P., & Williamson, M. P. 
(2002). Polyphenol/Peptide Binding and Precipitation. Journal of Agricultural and Food 
Chemistry, 50(6), 1593-1601. doi:10.1021/jf010897z 
Charrier, M. J. S., Savage, G. P., & Vanhanen, L. (2002). Oxalate content and calcium binding capacity of 
tea and herbal teas. Int. Dairy J., 11(4), 298-301. doi:10.1046/j.1440-6047.2002.00294.x 
Chatterjee, G., Das, S., Das, R. S., & Das, A. B. (2018). Development of green tea infused chocolate 





Chen, H. X., Zhang, M., Qu, Z. S., & Xie, B. J. (2008). Antioxidant activities of different fractions of 
polysaccharide conjugates from green tea (Camellia Sinensis). Food Chemistry, 106(2), 559-563. 
doi:10.1016/j.foodchem.2007.06.040 
Chen, J., Chen, X. Y., Zhu, Q. J., Chen, F. L., Zhao, X. Y., & Ao, Q. (2013). Determination of the domain 
structure of the 7S and 11S globulins from soy proteins by XRD and FTIR. Journal of the Science of 
Food and Agriculture, 93(7), 1687-1691. doi:10.1002/jsfa.5950 
Chen, M. J., Chen, K. N., & Lin, C. W. (2004). Sequential quadratic programming for development of a 
new probiotic dairy tofu with glucono-delta-lactone. Journal of Food Science, 69(7), E344-E350. 
Chen, Q., Zhao, J., Fang, C. H., & Wang, D. (2007). Feasibility study on identification of green, black and 
Oolong teas using near-infrared reflectance spectroscopy based on support vector machine 
(SVM). Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 66(3), 568-574. 
doi:http://dx.doi.org/10.1016/j.saa.2006.03.038 
Ciron, C. I. E., Gee, V. L., Kelly, A. L., & Auty, M. A. E. (2010a). Comparison of the effects of high-pressure 
microfluidization and conventional homogenization of milk on particle size, water retention and 
texture of non-fat and low-fat yoghurts. Int. Dairy J., 20(5), 314-320. 
doi:10.1016/j.idairyj.2009.11.018 
Ciron, C. I. E., Gee, V. L., Kelly, A. L., & Auty, M. A. E. (2010b). Comparison of the effects of high-pressure 
microfluidization and conventional homogenization of milk on particle size, water retention and 
texture of non-fat and low-fat yoghurts. International Dairy Journal, 20(5), 314-320. 
doi:10.1016/j.idairyj.2009.11.018 
Clerfeuille, E., Maillot, M., Verger, E. O., Lluch, A., Darmon, N., & Rolf-Pedersen, N. (2013). Dairy 
products: How they fit in nutritionally adequate diets. Journal of the Academy of Nutrition and 
Dietetics, 113(7), 950-956. doi:10.1016/j.jand.2013.04.002 
Condict, L., Kaur, J., Hung, A., Ashton, J., & Kasapis, S. (2019). Combined spectroscopic, molecular 
docking and quantum mechanics study of beta-casein and ferulic acid interactions following 
UHT-like treatment. Food Hydrocolloids, 89, 351-359. doi:10.1016/j.foodhyd.2018.10.055 
da Silva, D. C. G., de Abreu, L. R., & Assumpcao, G. M. P. (2012). Addition of water-soluble soy extract 
and probiotic culture, viscosity, water retention capacity and syneresis characteristics of goat 
milk yogurt. Ciencia Rural, 42(3), 545-550. doi:10.1590/s0103-84782012000300026 
Darvesh, A. S., & Bishayee, A. (2013). Chemopreventive and therapeutic potential of tea polyphenols in 
hepatocellular cancer. Nutrition and Cancer-an International Journal, 65(3), 329-344. 
doi:10.1080/01635581.2013.767367 
Deng, G. F., Lin, X., Xu, X. R., Gao, L. L., Xie, J. F., & Li, H. B. (2013). Antioxidant capacities and total 
phenolic contents of 56 vegetables. Journal of Functional Foods, 5(1), 260-266. 
doi:10.1016/j.jff.2012.10.015 
Dinu, C., Brujbu, I., Cerghizan, D., Bulimar, V., Macovei, L. A., & Botezatu, D. (2016). The action of the free 
radicals on DNA and anti-radical defence mechanisms. Revista De Chimie, 67(6), 1203-1206. 
Domagala, J. (2009). Instrumental texture, syneresis and microstructure of yoghurts prepared from goat, 
cow and sheep milk. International Journal of Food Properties, 12(3), 605-615. 
doi:10.1080/10942910801992934 
Domagala, J., Sady, M., Grega, T., & Bonczar, G. (2006). Rheological properties and texture of yoghurts 
when oat-maltodextrin is used as a fat substitute. Int J Food Prop, 9(1), 1-11. 
doi:10.1080/10942910600588776 
Donmez, O., Mogol, B. A., & Gokmen, V. (2017). Syneresis and rheological behaviors of set yogurt 





Donovan, S. M., & Shamir, R. (2014). Introduction to the yogurt in nutrition initiative and the first global 
summit on the health effects of yogurt. American Journal of Clinical Nutrition, 99(5), 1209S-
1211S. doi:10.3945/ajcn.113.073429 
Ejtahed, H. S., Mohtadi-Nia, J., Homayouni-Rad, A., Niafar, M., Asghari-Jafarabadi, M., Mofid, V., & 
Akbarian-Moghari, A. (2011). Effect of probiotic yogurt containing Lactobacillus acidophilus and 
Bifidobacterium lactis on lipid profile in individuals with type 2 diabetes mellitus. Journal of Dairy 
Science, 94(7), 3288-3294. doi:http://dx.doi.org/10.3168/jds.2010-4128 
Elfalleh, W., Nasri, N., Marzougui, N., Thabti, I., M'Rabet, A., Yahya, Y., . . . Ferchichi, A. (2009). Physico-
chemical properties and DPPH-ABTS scavenging activity of some local pomegranate (Punica 
granatum) ecotypes. International Journal of Food Sciences and Nutrition, 60, 197-210. 
doi:10.1080/09637480903067037 
Elias, R. J., Kellerby, S. S., & Decker, E. A. (2008). Antioxidant activity of proteins and peptides. Critical 
Reviews in Food Science and Nutrition, 48(5), 430-441. doi:10.1080/10408390701425615 
Eren, M., Dinleyici, E. C., & Vandenplas, Y. (2010). Clinical efficacy comparison of saccharomyces 
boulardii and yogurt fluid in acute non-bloody diarrhea in children: A randomized, controlled, 
open label study. American Journal of Tropical Medicine and Hygiene, 82(3), 488-491. 
doi:10.4269/ajtmh.2010.09-0529 
Evans, M., Ratcliffe, I., & Williams, P. A. (2013). Emulsion stabilisation using polysaccharide–protein 
complexes. Current Opinion in Colloid & Interface Science, 18(4), 272-282. 
doi:https://doi.org/10.1016/j.cocis.2013.04.004 
Fang, X., Azain, M., Crowe-White, K., Mumaw, J., Grimes, J. A., Schmiedt, C., . . . Park, H. J. (2019). Effect 
of acute ingestion of green tea extract and lemon juice on oxidative stress and lipid profile in pigs 
fed a high-fat diet. Antioxidants, 8(6). doi:10.3390/antiox8060195 
FAO/WHO. (2001). Evaluation of health and nutritional properties of probiotics in food including powder 
milk with live lactic acid bacteria. Report of a joint FAO/WHO expert consultation, Co  ́rdoba, 
Argentina. 
Feng, Z. H., Li, Y. F., Li, M., Wang, Y. J., Zhang, L., Wan, X. C., & Yang, X. G. (2019). Tea aroma formation 
from six model manufacturing processes. Food Chemistry, 285, 347-354. 
doi:10.1016/j.foodchem.2019.01.174 
Fernandez, M. V., Aguero, M. V., & Jagus, R. J. (2018). Green tea extract: A natural antimicrobial with 
great potential for controlling native microbiota, Listeria innocua and Escherichia coli in fresh-cut 
beet leaves. Journal of Food Safety, 38(1). doi:10.1111/jfs.12374 
Firuzi, O., Lacanna, A., Petrucci, R., Marrosu, G., & Saso, L. (2005). Evaluation of the antioxidant activity 
of flavonoids by “ferric reducing antioxidant power” assay and cyclic voltammetry. Biochimica et 
Biophysica Acta (BBA) - General Subjects, 1721(1), 174-184. 
doi:http://dx.doi.org/10.1016/j.bbagen.2004.11.001 
Fiszman, S. M., Lluch, M. A., & Salvador, A. (1999). Effect of addition of gelatin on microstructure of 
acidic milk gels and yoghurt and on their rheological properties. Int. Dairy J., 9(12), 895-901. 
doi:http://dx.doi.org/10.1016/S0958-6946(00)00013-3 
Foegeding, E. A., Plundrich, N., Schneider, M., Campbell, C., & Lila, M. A. (2017). Protein-polyphenol 
particles for delivering structural and health functionality. Food Hydrocolloids, 72, 163-173. 
doi:10.1016/j.foodhyd.2017.05.024 
Garcia, M. L., Pontes, R. B., Nishi, E. E., Ibuki, F. K., Oliveira, V., Sawaya, A. C. H., . . . Bergamaschi, C. T. 
(2017). The antioxidant effects of green tea reduces blood pressure and sympathoexcitation in 





Glibowski, P., Karwowska, M., Latoch, A., Nosowska, K., & Udeh, K. O. (2019). Effect of different tea 
extracts on the physicochemical and sensory parameters of stirred probiotic yoghurts. Acta 
Scientiarum Polonorum-Technologia Alimentaria, 18(2), 185-193. doi:10.17306/j.Afs.2019.0653 
Goormaghtigh, E., Gasper, R., Benard, A., Goldsztein, A., & Raussens, V. (2009). Protein secondary 
structure content in solution, films and tissues: Redundancy and complementarity of the 
information content in circular dichroism, transmission and ATR FTIR spectra. Biochimica Et 
Biophysica Acta-Proteins and Proteomics, 1794(9), 1332-1343. 
doi:10.1016/j.bbapap.2009.06.007 
Greenfield, N. J. (2006). Using circular dichroism spectra to estimate protein secondary structure. Nature 
protocols, 1(6), 2876-2890. doi:10.1038/nprot.2006.202 
Gu, L., Su, Y., Zhang, M., Chang, C., Li, J., McClements, D. J., & Yang, Y. (2017). Protection of β-carotene 
from chemical degradation in emulsion-based delivery systems using antioxidant interfacial 
complexes: Catechin-egg white protein conjugates. Food Research International, 96, 84-93. 
doi:https://doi.org/10.1016/j.foodres.2017.03.015 
Guerrero, P., Kerry, J. P., & de la Caba, K. (2014). FTIR characterization of protein-polysaccharide 
interactions in extruded blends. Carbohydrate Polymers, 111, 598-605. 
doi:10.1016/j.carbpol.2014.05.005 
Gulseren, I., & Corredig, M. (2013). Storage stability and physical characteristics of tea-polyphenol-
bearing nanoliposomes prepared with milk fat globule membrane phospholipids. Journal of 
Agricultural and Food Chemistry, 61(13), 3242-3251. doi:10.1021/jf3045439 
Hajiaghaalipour, F., Sanusi, J., & Kanthimathi, M. S. (2016). Temperature and time of steeping affect the 
antioxidant properties of white, green, and black tea infusions. Journal of Food Science, 81(1), 
H246-H254. doi:10.1111/1750-3841.13149 
Han, K., Hwang, E., & Park, J.-B. (2016). Excessive Consumption of Green Tea as a Risk Factor for 
Periodontal Disease among Korean Adults. Nutrients, 8(7), 408. 
Haratifar, S., & Corredig, M. (2014). Interactions between tea catechins and casein micelles and their 
impact on renneting functionality. Food Chemistry, 143, 27-32. 
doi:https://doi.org/10.1016/j.foodchem.2013.07.092 
Hasni, I., Bourassa, P., Hamdani, S., Samson, G., Carpentier, R., & Tajmir-Riahi, H.-A. (2011a). Interaction 
of milk α- and β-caseins with tea polyphenols. Food Chemistry, 126(2), 630-639. 
doi:http://dx.doi.org/10.1016/j.foodchem.2010.11.087 
Hasni, I., Bourassa, P., Hamdani, S., Samson, G., Carpentier, R., & Tajmir-Riahi, H. A. (2011b). Interaction 
of milk alpha- and beta-caseins with tea polyphenols. Food Chemistry, 126(2), 630-639. 
doi:10.1016/j.foodchem.2010.11.087 
Hayat, K., Iqbal, H., Malik, U., Bilal, U., & Mushtaq, S. (2015). Tea and its consumption: Benefits and risks. 
Critical Reviews in Food Science and Nutrition, 55(7), 939-954. 
doi:10.1080/10408398.2012.678949 
Heydari, S., Amiri-Rigi, A., Ehsani, M. R., Mohammadifar, M. A., Khorshidian, N., Koushki, M. R., & 
Mortazavian, A. M. (2018). Rheological behaviour, sensory properties and syneresis of probiotic 
yoghurt supplemented with various prebiotics. International Journal of Dairy Technology, 71, 
175-184. doi:10.1111/1471-0307.12491 
Horanni, R., & Engelhardt, U. H. (2013). Determination of amino acids in white, green, black, oolong, pu-
erh teas and tea products. Journal of Food Composition and Analysis, 31(1), 94-100. 
doi:http://dx.doi.org/10.1016/j.jfca.2013.03.005 
Hudson, S. A., Ecroyd, H., Dehle, F. C., Musgrave, I. F., & Carver, J. A. (2009). (-)-epigallocatechin-3-gallate 
(egcg) maintains kappa-casein in its pre-fibrillar state without redirecting its aggregation 




Huvaere, K., Nielsen, J. H., Bakman, M., Hammershoj, M., Skibsted, L. H., Sorensen, J., . . . Dalsgaard, T. K. 
(2011). Antioxidant properties of green tea extract protect reduced fat soft cheese against 
oxidation induced by light exposure. Journal of Agricultural and Food Chemistry, 59(16), 8718-
8723. doi:10.1021/jf201139e 
İlyasoğlu, H., Nadzieja, M., & Guo, Z. (2019). Caffeic acid grafted chitosan as a novel dual-functional 
stabilizer for food-grade emulsions and additive antioxidant property. Food Hydrocolloids, 95, 
168-176. doi:https://doi.org/10.1016/j.foodhyd.2019.04.043 
Islam, S. N., Farooq, S., & Sehgal, A. (2018). Effect of consecutive steeping on antioxidant potential of 
green, oolong and black tea. International Journal of Food Science and Technology, 53(1), 182-
187. doi:10.1111/ijfs.13572 
Ivey, K. L., Lewis, J. R., Hodgson, J. M., Zhu, K., Dhaliwal, S. S., Thompson, P. L., & Prince, R. L. (2011). 
Association between yogurt, milk, and cheese consumption and common carotid artery intima-
media thickness and cardiovascular disease risk factors in elderly women. American Journal of 
Clinical Nutrition, 94(1), 234-239. doi:10.3945/ajcn.111.014159 
Jayawardana, B. C., Warnasooriya, V. B., Thotawattage, G. H., Dharmasena, V., & Liyanage, R. (2019). 
Black and green tea (Camellia sinensis L.) extracts as natural antioxidants in uncured pork 
sausages. Journal of Food Processing and Preservation, 43(2). doi:10.1111/jfpp.13870 
Jiang, Z., Li, M., Zhao, J., Wang, X., Yu, P., Qayum, A., . . . Hou, J. (2019). Effects of ultrafiltration and 
hydrolysis on antioxidant activities of Maillard reaction products derived from whey protein 
isolate and galactose. LWT, 113, 108313. doi:https://doi.org/10.1016/j.lwt.2019.108313 
Jin, Y., Yu, Y., Qi, Y., Wang, F., Yan, J., & Zou, H. (2016). Peptide profiling and the bioactivity character of 
yogurt in the simulated gastrointestinal digestion. Journal of Proteomics, 141, 24-46. 
doi:http://dx.doi.org/10.1016/j.jprot.2016.04.010 
Jongberg, S., Lund, M. N., Skibsted, L. H., & Davies, M. J. (2014). Competitive Reduction of 
Perferrylmyoglobin Radicals by Protein Thiols and Plant Phenols. Journal of Agricultural and Food 
Chemistry, 62(46), 11279-11288. doi:10.1021/jf5041433 
Kalab, M. (1979). Microstructure of dairy foods. 1. Milk products based on protein1. Journal of Dairy 
Science, 62(8), 1352-1364. doi:https://doi.org/10.3168/jds.S0022-0302(79)83424-4 
Kanakis, C. D., Hasni, I., Bourassa, P., Tarantilis, P. A., Polissiou, M. G., & Tajmir-Riahi, H.-A. (2011a). Milk 
β-lactoglobulin complexes with tea polyphenols. Food Chemistry, 127(3), 1046-1055. 
doi:http://dx.doi.org/10.1016/j.foodchem.2011.01.079 
Kanakis, C. D., Hasni, I., Bourassa, P., Tarantilis, P. A., Polissiou, M. G., & Tajmir-Riahi, H. A. (2011b). Milk 
beta-lactoglobulin complexes with tea polyphenols. Food Chemistry, 127(3), 1046-1055. 
doi:10.1016/j.foodchem.2011.01.079 
Kaur, A., Farooq, S., & Sehgal, A. (2019). A comparative study of antioxidant potential and phenolic 
content in white (silver needle), green and black tea. Current Nutrition & Food Science, 15(4), 
415-420. doi:10.2174/1573401313666171016162310 
Kelly, S. M., Jess, T. J., & Price, N. C. (2005). How to study proteins by circular dichroism. Biochimica Et 
Biophysica Acta-Proteins and Proteomics, 1751(2), 119-139. doi:10.1016/j.bbapap.2005.06.005 
Khanchemehr, Y., Hoseynrezaei, H., Sepehri, G., Torabi, M., Jahani, Y., & Khanchemehr, A. (2019). A 
comparison of the effects of mouthwash obtained from green tea and chlorhexidine mouthwash 
on the oral health of patients admitted in the intensive care unit. Journal of Oral Health and Oral 
Epidemiology, 8(1), 9-16. doi:10.22122/johoe.v8i1.410 
Khanizadeh, S., Tsao, R., Rekika, D., Yang, R., & DeEll, J. (2007). Phenolic composition and antioxidant 
activity of selected apple genotypes. Journal of Food Agriculture & Environment, 5(1), 61-66. 
Kolling, G. J., Stivanin, S. C. B., Gabbi, A. M., Machado, F. S., Ferreira, A. L., Campos, M. M., . . . Fischer, V. 
(2018). Performance and methane emissions in dairy cows fed oregano and green tea extracts as 




Kontoghiorghes, G. J., & Kontoghiorghe, C. N. (2019). Prospects for the introduction of targeted 
antioxidant drugs for the prevention and treatment of diseases related to free radical pathology. 
Expert Opinion on Investigational Drugs, 28(7), 593-603. doi:10.1080/13543784.2019.1631284 
Kosasih, L., Bhandari, B., Prakash, S., Bansal, N., & Gaiani, C. (2016). Physical and functional properties of 
whole milk powders prepared from concentrate partially acidified with CO2 at two 
temperatures. International Dairy Journal, 56, 4-12. 
doi:http://dx.doi.org/10.1016/j.idairyj.2015.12.009 
Kosasih, M. F. (2011). Development of a probiotics rich yogurt dry mix (Masters). Massey University. 
Retrieved from http://hdl.handle.net/10179/3546 
Kruif, C. G. d., Anema, S. G., Zhu, C., Havea, P., & Coker, C. (2015). Water holding capacity and swelling of 
casein hydrogels. Food Hydrocolloids, 44, 372-379. 
doi:https://doi.org/10.1016/j.foodhyd.2014.10.007 
Krutmann, J. (2009). Pre- and probiotics for human skin. Journal of Dermatological Science, 54(1), 1-5. 
doi:http://dx.doi.org/10.1016/j.jdermsci.2009.01.002 
Kumar, P., & Mishra, H. N. (2003). Effect of mango pulp and soymilk fortification on the texture profile of 
set yoghurt made from buffalo milk. J Texture Stud, 34(3), 249-269. doi:10.1111/j.1745-
4603.2003.tb01060.x 
Lamothe, S., Azimy, N., Bazinet, L., Couillard, C., & Britten, M. (2014). Interaction of green tea 
polyphenols with dairy matrices in a simulated gastrointestinal environment. Food & Function, 
5(10), 2621-2631. doi:10.1039/c4fo00203b 
Le, H. M. (2012). Antioxidative effects of mango wastes on shelf life of pork products. Lincoln University, 
New Zealand. doi:https://hdl.handle.net/10182/4950 
Lee, K. W., Lee, H. J., & Lee, C. Y. (2002). Antioxidant activity of black tea vs. Green tea. The Journal of 
Nutrition, 132(4), 785-785. doi:10.1093/jn/132.4.785 
Levkovich, T., Poutahidis, T., Smillie, C., Varian, B. J., Ibrahim, Y. M., Lakritz, J. R., . . . Erdman, S. E. (2013). 
Probiotic bacteria induce a 'glow of health'. Plos One, 8(1). doi:10.1371/journal.pone.0053867 
Leyer, G. J., Li, S. G., Mubasher, M. E., Reifer, C., & Ouwehand, A. C. (2009). Probiotic effects on cold and 
influenza-like symptom incidence and duration in children. Pediatrics, 124(2), E172-E179. 
doi:10.1542/peds.2008-2666 
Li, W., Nian, Y., Huang, Y., Zeng, X., Chen, Q., & Hu, B. (2019). High loading contents, distribution and 
stability of β-carotene encapsulated in high internal phase emulsions. Food Hydrocolloids, 96, 
300-309. doi:https://doi.org/10.1016/j.foodhyd.2019.05.038 
Li, X. (1993). CHINESE TEA CULTURE. Journal of Popular Culture, 27(2), 75-89. 
Lin, S.-Y., Lo, L.-C., Chen, I.-Z., & Chen, P.-A. (2016). Effect of shaking process on correlations between 
catechins and volatiles in oolong tea. Journal of Food and Drug Analysis, 24(3), 500-507. 
doi:https://doi.org/10.1016/j.jfda.2016.01.011 
Liu, S. M., & Huang, H. H. (2015). Assessments of antioxidant effect of black tea extract and its rationals 
by erythrocyte haemolysis assay, plasma oxidation assay and cellular antioxidant activity (CAA) 
assay. Journal of Functional Foods, 18, 1095-1105. doi:10.1016/j.jff.2014.08.023 
Lobo, V., Patil, A., Phatak, A., & Chandra, N. (2010). Free radicals, antioxidants and functional foods: 
Impact on human health. Pharmacognosy Reviews, 4(8), 118-126. doi:10.4103/0973-7847.70902 
London, L. E. E., Chaurin, V., Auty, M. A. E., Fenelon, M. A., Fitzgerald, G. F., Ross, R. P., & Stanton, C. 
(2015). Use of Lactobacillus mucosae DPC 6426, an exopolysaccharide-producing strain, 
positively influences the techno-functional properties of yoghurt. International Dairy Journal, 40, 
33-38. doi:10.1016/j.idairyj.2014.08.011 
López, D. N., Boeris, V., Spelzini, D., Bonifacino, C., Panizzolo, L. A., & Abirached, C. (2019). Adsorption of 
chia proteins at interfaces: Kinetics of foam and emulsion formation and destabilization. Colloids 




Lysoniewska, E., Kalisz, S., & Mitek, M. (2011). Sensory quality of black currant nectars and beverages 
enriched with echinacea and green tea extracts. Zywnosc-Nauka Technologia Jakosc, 18(6), 167-
176. 
Markoska, T., Huppertz, T., Grewal, M. K., & Vasiljevic, T. (2019). Structural changes of milk proteins 
during heating of concentrated skim milk determined using FTIR. International Dairy Journal, 89, 
21-30. doi:10.1016/j.idairyj.2018.08.010 
McIntyre, I., O’ Sullivan, M., & O’ Riordan, D. (2016). Effects of calcium chelators on calcium distribution 
and protein solubility in rennet casein dispersions. Food Chemistry, 197, 233-239. 
doi:https://doi.org/10.1016/j.foodchem.2015.10.084 
Mession, J.-L., Roustel, S., & Saurel, R. (2017). Interactions in casein micelle - Pea protein system (Part II): 
Mixture acid gelation with glucono-δ-lactone. Food Hydrocolloids, 73, 344-357. 
doi:https://doi.org/10.1016/j.foodhyd.2017.06.029 
Militello, V., Casarino, C., Emanuele, A., Giostra, A., Pullara, F., & Leone, M. (2004). Aggregation kinetics 
of bovine serum albumin studied by FTIR spectroscopy and light scattering. Biophysical 
Chemistry, 107(2), 175-187. doi:https://doi.org/10.1016/j.bpc.2003.09.004 
Monteiro, M. C., & Peluso, I. (2017). The influence of phenolic compounds from coffee and tea on 
postprandial cardiovascular stress: a mini-review. Current Opinion in Food Science, 13, 63-72. 
doi:https://doi.org/10.1016/j.cofs.2017.02.012 
Morelli, L. (2014). Yogurt, living cultures, and gut health. American Journal of Clinical Nutrition, 99(5), 
1248S-1250S. doi:10.3945/ajcn.113.073072 
Mousa, A., Liu, X. M., Chen, Y. Q., Zhang, H., & Chen, W. (2014). Evaluation of physiochemical, textural, 
microbiological and sensory characteristics in set yogurt reinforced by microencapsulated 
Bifidobacterium bifidum F-35. International Journal of Food Science and Technology, 49(7), 1673-
1679. doi:10.1111/ijfs.12473 
Muniandy, P., Shori, A. B., & Baba, A. S. (2016). Influence of green, white and black tea addition on the 
antioxidant activity of probiotic yogurt during refrigerated storage. Food Packaging and Shelf 
Life, 8, 1-8. doi:10.1016/j.fpsl.2016.02.002 
Murray, B. S., Durga, K., Yusoff, A., & Stoyanov, S. D. (2011). Stabilization of foams and emulsions by 
mixtures of surface active food-grade particles and proteins. Food Hydrocolloids, 25(4), 627-638. 
doi:10.1016/j.foodhyd.2010.07.025 
Naik, V., Prakash, S., & Thomas, L. A. (2018). Role of free radicals and effectiveness of antioxidants in 
patients with osmf and olp- a systematic review. International Journal of Life Science and Pharma 
Research, 8(1), 58-69. 
Najgebauer-Lejko, D. (2019). Characteristics of probiotic yoghurts supplemented with pu-erh tea 
infusion. Acta Scientiarum Polonorum-Technologia Alimentaria, 18(2), 153-161. 
doi:10.17306/j.Afs.2019.0640 
Najgebauer-Lejko, D., Sady, M., Grega, T., & Walczycka, M. (2011). The impact of tea supplementation on 
microflora, pH and antioxidant capacity of yoghurt. Int. Dairy J., 21(8), 568-574. 
doi:10.1016/j.idairyj.2011.03.003 
Najgebauer-Lejko, D., Zmudzinski, D., Ptaszek, A., & Socha, R. (2014). Textural properties of yogurts with 
green tea and Pu-erh tea additive. International Journal of Food Science and Technology, 49(4), 
1149-1158. doi:10.1111/ijfs.12411 
Narayana, N., & Gupta, V. K. (2013). Effect of total milk solid content adjusted by adding ultrafiltered 
milk retentate on quality of set mango yoghurt. International Journal of Dairy Technology, 66(4), 
570-575. doi:10.1111/1471-0307.12081 
Naumovski, N., Foscolou, A., D'Cunha, N. M., Tyrovolas, S., Chrysohoou, C., Sidossis, L. S., . . . 




successful aging: A combined analysis of the ATTICA and MEDiterranean ISlands (MEDIS) 
epidemiological studies. Molecules, 24(10). doi:10.3390/molecules24101862 
Nguyen, H. T. H., Afsar, S., & Day, L. (2018). Differences in the microstructure and rheological properties 
of low-fat yoghurts from goat, sheep and cow milk. Food Research International, 108, 423-429. 
doi:https://doi.org/10.1016/j.foodres.2018.03.040 
Nguyen, H. T. H., Ong, L., Kentish, S. E., & Gras, S. L. (2014). The effect of fermentation temperature on 
the microstructure, physicochemical and rheological properties of probiotic buffalo yoghurt. 
Food and Bioprocess Technology, 7(9), 2538-2548. doi:10.1007/s11947-014-1278-x 
Nguyen, H. T. H., Ong, L., Kentish, S. E., & Gras, S. L. (2015). Homogenisation improves the 
microstructure, syneresis and rheological properties of buffalo yoghurt. International Dairy 
Journal, 46, 78-87. doi:https://doi.org/10.1016/j.idairyj.2014.08.003 
Nguyen, H. T. H., Ong, L., Lefevre, C., Kentish, S. E., & Gras, S. L. (2014). The microstructure and 
physicochemical properties of probiotic buffalo yoghurt during fermentation and storage: A 
comparison with bovine yoghurt. Food and Bioprocess Technology, 7(4), 937-953. 
doi:10.1007/s11947-013-1082-z 
Nguyen, H. T. H., Schwendel, H., Harland, D., & Day, L. (2018). Differences in the yoghurt gel 
microstructure and physicochemical properties of bovine milk containing A1A1 and A2A2 β-
casein phenotypes. Food Research International, 112, 217-224. 
doi:https://doi.org/10.1016/j.foodres.2018.06.043 
O'Shea, N., Arendt, E. K., & Gallagher, E. (2012). Dietary fibre and phytochemical characteristics of fruit 
and vegetable by-products and their recent applications as novel ingredients in food products. 
Innovative Food Science & Emerging Technologies, 16, 1-10. 
doi:https://doi.org/10.1016/j.ifset.2012.06.002 
Oliveira, A., Alexandre, E. M. C., Coelho, M., Lopes, C., Almeida, D. P. F., & Pintado, M. (2015). 
Incorporation of strawberries preparation in yoghurt: Impact on phytochemicals and milk 
proteins. Food Chemistry, 171, 370-378. doi:https://doi.org/10.1016/j.foodchem.2014.08.107 
Oliveira, R. N., Mancini, M. C., de Oliveira, F. C. S., Passos, T. M., Quilty, B., Thire, R., & McGuinness, G. B. 
(2016). FTIR analysis and quantification of phenols and flavonoids of five commercially available 
plants extracts used in wound healing. Materia-Rio De Janeiro, 21(3), 767-779. 
doi:10.1590/s1517-707620160003.0072 
Ozcan, T., Horne, D., & Lucey, J. A. (2011). Effect of increasing the colloidal calcium phosphate of milk on 
the texture and microstructure of yogurt. Journal of Dairy Science, 94(11), 5278-5288. 
doi:https://doi.org/10.3168/jds.2010-3932 
Ozdal, T., Capanoglu, E., & Altay, F. (2013). A review on protein–phenolic interactions and associated 
changes. Food Research International, 51(2), 954-970. 
doi:https://doi.org/10.1016/j.foodres.2013.02.009 
Pagacz-Kostrzewa, M., Saldyka, M., Wierzejewska, M., Khomenko, D. M., & Doroschuk, R. O. (2016). 
Theoretical DFT and matrix isolation FTIR studies of 2-(1,2,4-triazolyl) phenol isomers. Chemical 
Physics Letters, 657, 156-161. doi:10.1016/j.cplett.2016.06.005 
Pan, L. H., Liu, F., Luo, S. Z., & Luo, J. P. (2019). Pomegranate juice powder as sugar replacer enhanced 
quality and function of set yogurts: Structure, rheological property, antioxidant activity and in 
vitro bioaccessibility. Lwt-Food Science and Technology, 115. doi:10.1016/j.lwt.2019.108479 
Park, K. M., & Cifelli, C. J. (2013). Dairy and blood pressure: a fresh look at the evidence. Nutrition 
Reviews, 71(3), 149-157. doi:10.1111/nure.12017 
Paveto, C., Guida, M., Esteva, M. I., Martino, V., Coussio, J., Flawia, M. M., & Torres, H. N. (2004). Anti-
Trypanosoma cruzi activity of green tea (Camellia sinensis) catechins. Antimicrobial Agents and 




Pekal, A., Drozdz, P., & Pyrzynska, K. (2012). Comparison of the antioxidant properties of commonly 
consumed commercial teas. International Journal of Food Properties, 15(5), 1101-1109. 
doi:10.1080/10942912.2010.514642 
Peluso, I., & Serafini, M. (2017). Antioxidants from black and green tea: from dietary modulation of 
oxidative stress to pharmacological mechanisms. British Journal of Pharmacology, 174(11), 1195-
1208. doi:10.1111/bph.13649 
Pena-Bautista, C., Baquero, M., Vento, M., & Chafer-Pericas, C. (2019). Free radicals in Alzheimer's 
disease: Lipid peroxidation biomarkers. Clinica Chimica Acta, 491, 85-90. 
doi:10.1016/j.cca.2019.01.021 
Perrone, S., Santacroce, A., Longini, M., Proietti, F., Bazzini, F., & Buonocore, G. (2018). The free radical 
diseases of prematurity: From cellular mechanisms to bedside. Oxidative Medicine and Cellular 
Longevity. doi:10.1155/2018/7483062 
Pimentel, T. C., Garcia, S., & Prudencio, S. H. (2012). Effect of long-chain inulin on the texture profile and 
survival of Lactobacillus paracasei ssp paracasei in set yoghurts during refrigerated storage. Int J 
Dairy Technol, 65(1), 104-110. doi:10.1111/j.1471-0307.2011.00739.x 
Pomatto, L. C. D., & Davies, K. J. A. (2018). Adaptive homeostasis and the free radical theory of ageing. 
Free Radical Biology and Medicine, 124, 420-430. doi:10.1016/j.freeradbiomed.2018.06.016 
Poppitt, S. D., Budgett, S. C., MacGibbon, A. K., Quek, S. Y., Kindleysides, S., & Wiessing, K. R. (2018). 
Effects of lipid emulsion particle size on satiety and energy intake: a randomised cross-over trial. 
European Journal of Clinical Nutrition, 72(3), 349-357. doi:10.1038/s41430-017-0016-7 
Puvanenthiran, A., Stevovitch-Rykner, C., McCann, T. H., & Day, L. (2014). Synergistic effect of milk solids 
and carrot cell wall particles on the rheology and texture of yoghurt gels. Food Research 
International, 62, 701-708. doi:https://doi.org/10.1016/j.foodres.2014.04.023 
Ranjbar, B., & Gill, P. (2009). Circular dichroism techniques: Biomolecular and nanostructural analyses- a 
review. Chemical Biology & Drug Design, 74(2), 101-120. doi:10.1111/j.1747-0285.2009.00847.x 
Rashidinejad, A., Birch, E. J., & Everett, D. W. (2016). Antioxidant activity and recovery of green tea 
catechins in full-fat cheese following gastrointestinal simulated digestion. Journal of Food 
Composition and Analysis, 48, 13-24. doi:10.1016/j.jfca.2016.02.004 
Ren, C., Xiong, W. F., Peng, D. F., He, Y., Zhou, P. Y., Li, J., & Li, B. (2018). Effects of thermal sterilization 
on soy protein isolate/polyphenol complexes: Aspects of structure, in vitro digestibility and 
antioxidant activity. Food Research International, 112, 284-290. 
doi:10.1016/j.foodres.2018.06.034 
Ren, Z. Y., Chen, Z. Z., Zhang, Y. Y., Lin, X. R., & Li, B. (2019). Novel food-grade Pickering emulsions 
stabilized by tea water-insoluble protein nanoparticles from tea residues. Food Hydrocolloids, 96, 
322-330. doi:10.1016/j.foodhyd.2019.05.015 
Rimada, P. S., & Abraham, A. G. (2006). Kefiran improves rheological properties of glucono-delta-lactone 
induced skim milk gels. International Dairy Journal, 16(1), 33-39. 
doi:10.1016/j.idairyj.2005.02.002 
Rozenberg, M., Lansky, S., Shoham, Y., & Shoham, G. (2019). Spectroscopic FTIR and NMR study of the 
interactions of sugars with proteins. Spectrochimica Acta Part a-Molecular and Biomolecular 
Spectroscopy, 222. doi:10.1016/j.saa.2019.02.085 
Sabouri, S., Geng, J., & Corredig, M. (2015). Tea polyphenols association to caseinate-stabilized oil–water 
interfaces. Food Hydrocolloids, 51, 95-100. doi:http://dx.doi.org/10.1016/j.foodhyd.2015.04.034 
Salaün, F., Mietton, B., & Gaucheron, F. (2005). Buffering capacity of dairy products. International Dairy 
Journal, 15(2), 95-109. doi:https://doi.org/10.1016/j.idairyj.2004.06.007 
Sanders, M. E. (2008). Use of probiotics and yogurts in maintenance of health. Journal of Clinical 




Saxelin, M. (2008). Probiotic formulations and applications, the current probiotics market, and changes 
in the marketplace: A European perspective. Clinical Infectious Diseases, 46, S76-S79. 
doi:10.1086/523337 
Shah, N. P. (2007). Functional cultures and health benefits. International Dairy Journal, 17(11), 1262-
1277. doi:10.1016/j.idairyj.2007.01.014 
Shahreza, F. D. (2017). Oxidative stress, free radicals, kidney disease and plant antioxidants. 
Immunopathologia Persa, 3(2). doi:10.15171/ipp.2017.03 
Shen, S., Wang, J. B., Chen, X., Liu, T. T., Zhuo, Q., & Zhang, S. Q. (2019). Evaluation of cellular antioxidant 
components of honeys using UPLC-MS/MS and HPLC-FLD based on the quantitative composition-
activity relationship. Food Chemistry, 293, 169-177. doi:10.1016/j.foodchem.2019.04.105 
Shimizu, M., Shirakami, Y., Sakai, H., Kubota, M., Kochi, T., Ideta, T., . . . Moriwaki, H. (2015). 
Chemopreventive potential of green tea catechins in hepatocellular carcinoma. International 
Journal of Molecular Sciences, 16(3), 6124-6139. doi:10.3390/ijms16036124 
Siebert, K. J., Troukhanova, N. V., & Lynn, P. Y. (1996). Nature of polyphenol-protein interactions. Journal 
of Agricultural and Food Chemistry, 44(1), 80-85. doi:10.1021/jf9502459 
Skytte, J. L., Ghita, O., Whelan, P. F., Andersen, U., Moller, F., Dahl, A. B., & Larsen, R. (2015). Evaluation 
of yogurt microstructure using confocal laser scanning microscopy and image analysis. Journal of 
Food Science, 80(6), E1218-E1228. doi:10.1111/1750-3841.12885 
Spiro, M., & Chong, Y. Y. (1997). Kinetics and equilibria of tea infusion .14. Surface films formed in hard 
water by black tea brews containing milk. Food Chem, 59(2), 247-252. doi:10.1016/s0308-
8146(96)00255-5 
Sun, J., Chu, Y.-F., Wu, X., & Liu, R. H. (2002). Antioxidant and antiproliferative activities of common 
fruits. Journal of Agricultural and Food Chemistry, 50(25), 7449-7454. doi:10.1021/jf0207530 
Sun, N. X., Liang, Y., Yu, B., Tan, C. P., & Cui, B. (2016). Interaction of starch and casein. Food 
Hydrocolloids, 60, 572-579. doi:10.1016/j.foodhyd.2016.04.029 
Sur, S., & Panda, C. K. (2017). Molecular aspects of cancer chemopreventive and therapeutic efficacies of 
tea and tea polyphenols. Nutrition, 43-44, 8-15. doi:10.1016/j.nut.2017.06.006 
Suzuki, T., Pervin, M., Goto, S., Isemura, M., & Nakamura, Y. (2016). Beneficial effects of tea and the 
green tea catechin epigallocatechin-3-gallate on obesity. Molecules, 21(10). 
doi:10.3390/molecules21101305 
Szulinska, M., Stepien, M., Kregielska-Narozna, M., Suliburska, J., Skrypnik, D., Bak-Sosnowska, M., . . . 
Bogdanski, P. (2017). Effects of green tea supplementation on inflammation markers, antioxidant 
status and blood pressure in NaCl-induced hypertensive rat model. Food & Nutrition Research, 
61. doi:10.1080/16546628.2017 
Takeuchi, K. P., & Cunha, R. L. (2008). Influence of ageing time on sodium caseinate gelation induced by 
glucono-delta-lactone at different temperatures. Dairy Science & Technology, 88(6), 667-681. 
doi:10.1051/dst:2008031 
Tang, F., Xie, Y. X., Cao, H., Yang, H., Chen, X. Q., & Xiao, J. B. (2017). Fetal bovine serum influences the 
stability and bioactivity of resveratrol analogues: A polyphenol-protein interaction approach. 
Food Chemistry, 219, 321-328. doi:10.1016/j.foodchem.2016.09.154 
Tanizawa, H., Toda, S., Sazuka, Y., Taniyama, T., Hayashi, T., Arichi, S., & Takino, Y. (1984). Natural 
antioxidants .1. Antioxidative components of tea leaf (thea-sinensis l). Chemical & 
Pharmaceutical Bulletin, 32(5), 2011-2014. 
Tanizawa, Y., Abe, T., & Yamada, K. (2007). Black tea stain formed on the surface of teacups and pots. 
Part 1 – Study on the chemical composition and structure. Food Chem, 103(1), 1-7. 
doi:10.1016/j.foodchem.2006.05.068 
Tsuda, T. (2018). Curcumin as a functional food-derived factor: degradation products, metabolites, 




Turkmen, N., Sari, F., & Velioglu, Y. S. (2006). Effects of extraction solvents on concentration and 
antioxidant activity of black and black mate tea polyphenols determined by ferrous tartrate and 
Folin-Ciocalteu methods. Food Chemistry, 99(4), 835-841. doi:10.1016/j.foodchem.2005.08.034 
Ullah, I., Hu, Y., You, J., Yin, T., Xiong, S. B., Din, Z. U., . . . Liu, R. (2019). Influence of okara dietary fiber 
with varying particle sizes on gelling properties, water state and microstructure of tofu gel. Food 
Hydrocolloids, 89, 512-522. doi:10.1016/j.foodhyd.2018.11.006 
United Nations. (2018). Current market situation and medium term outlook (28 May 2018) (CCP:TE 
18/CRS1). Rome: FAO Intergovernmental Group (IGG) on Tea. 
Vega, C., & Grover, M. K. (2011). Physicochemical properties of acidified skim milk gels containing cocoa 
flavanols. Journal of Agricultural and Food Chemistry, 59(12), 6740-6747. doi:10.1021/jf200993f 
Vercet, A., Oria, R., Marquina, P., Crelier, S., & López-Buesa, P. (2002). Rheological properties of yoghurt 
made with milk submitted to manothermosonication. Journal of Agricultural and Food 
Chemistry, 50(21), 6165-6171. doi:10.1021/jf0204654 
Vergnaud, A. C., Peneau, S., Chat-Yung, S., Kesse, E., Czernichow, S., Galan, P., . . . Bertrais, S. (2008). 
Dairy consumption and 6-y changes in body weight and waist circumference in middle-aged 
French adults. American Journal of Clinical Nutrition, 88(5), 1248-1255. 
doi:10.3945/ajcn.2007.25151 
Vieira, P., Pinto, C. A., Lopes-da-Silva, J. A., Remize, F., Barba, F. J., Marszalek, K., . . . Saraiv, J. A. (2019). A 
microbiological, physicochemical, and texture study during storage of yoghurt produced under 
isostatic pressure. Lwt-Food Science and Technology, 110, 152-157. 
doi:10.1016/j.lwt.2019.04.066 
Wang, C., Lv, S. D., Wu, Y. S., Lian, M., Gao, X. M., & Meng, Q. X. (2016). Study of aroma formation and 
transformation during the manufacturing process of Biluochun green tea in Yunnan Province by 
HS-SPME and GC-MS. Journal of the Science of Food and Agriculture, 96(13), 4492-4498. 
doi:10.1002/jsfa.7663 
Wang, H. F., Livingston, K. A., Fox, C. S., Meigs, J. B., & Jacques, P. F. (2013). Yogurt consumption is 
associated with better diet quality and metabolic profile in American men and women. Nutrition 
Research, 33(1), 18-26. doi:10.1016/j.nutres.2012.11.009 
Wang, H. L., Guo, X. B., Hu, X. D., Li, T., Fu, X., & Liu, R. H. (2017). Comparison of phytochemical profiles, 
antioxidant and cellular antioxidant activities of different varieties of blueberry (Vaccinium spp.). 
Food Chemistry, 217, 773-781. doi:10.1016/j.foodchem.2016.09.002 
Wang, X. Y., Kristo, E., & LaPointe, G. (2019). The effect of apple pomace on the texture, rheology and 
microstructure of set type yogurt. Food Hydrocolloids, 91, 83-91. 
doi:10.1016/j.foodhyd.2019.01.004 
Weber, C., Sliva, K., von Rhein, C., Kümmerer, B. M., & Schnierle, B. S. (2015). The green tea catechin, 
epigallocatechin gallate inhibits chikungunya virus infection. Antiviral Research, 113, 1-3. 
doi:http://dx.doi.org/10.1016/j.antiviral.2014.11.001 
Wei, C. L., Yang, H., Wang, S. B., Zhao, J., Liu, C., Gao, L. P., . . . Wan, X. C. (2018). Draft genome sequence 
of Camellia sinensis var. sinensis provides insights into the evolution of the tea genome and tea 
quality. Proceedings of the National Academy of Sciences of the United States of America, 
115(18), E4151-E4158. doi:10.1073/pnas.1719622115 
Wen, C., Zhang, J., Zhang, H., Duan, Y., & Ma, H. (2019). Effects of divergent ultrasound pretreatment on 
the structure of watermelon seed protein and the antioxidant activity of its hydrolysates. Food 
Chemistry, 299, 125165. doi:https://doi.org/10.1016/j.foodchem.2019.125165 
Wierenga, P. A., & Gruppen, H. (2010). New views on foams from protein solutions. Current Opinion in 
Colloid & Interface Science, 15(5), 365-373. doi:10.1016/j.cocis.2010.05.017 
Winkler, A., Gessner, D. K., Koch, C., Romberg, F. J., Dusel, G., Herzog, E., . . . Eder, K. (2015). Effects of a 




of hepatic genes involved in endoplasmic stress response and inflammation in dairy cows. 
Archives of Animal Nutrition, 69(6), 425-441. doi:10.1080/1745039x.2015.1093873 
Wolfe, K. L., & Liu, R. H. (2007). Cellular antioxidant activity (CAA) assay for assessing antioxidants, foods, 
and dietary supplements. Journal of Agricultural and Food Chemistry, 55(22), 8896-8907. 
doi:10.1021/jf0715166 
Woody, R. W. (2004). Circular dichroism of protein-folding intermediates. In Methods in Enzymology 
(Vol. 380, pp. 242-285): Academic Press. Retrieved from 
http://www.sciencedirect.com/science/article/pii/S0076687904800120. 
doi:https://doi.org/10.1016/S0076-6879(04)80012-0 
Wu, W., Zhang, C., Kong, X., & Hua, Y. (2009). Oxidative modification of soy protein by peroxyl radicals. 
Food Chemistry, 116(1), 295-301. doi:https://doi.org/10.1016/j.foodchem.2009.02.049 
Xie, H., Li, X. C., Ren, Z. X., Qiu, W. M., Chen, J. L., Jiang, Q., . . . Chen, D. F. (2018). Antioxidant and 
cytoprotective effects of tibetan tea and its phenolic components. Molecules, 23(2). 
doi:10.3390/molecules23020179 
Yadav, H., Jain, S., & Sinha, P. R. (2007). Antidiabetic effect of probiotic dahi containing Lactobacillus 
acidophilus and Lactobacillus casei in high fructose fed rats. Nutrition, 23(1), 62-68. 
doi:http://dx.doi.org/10.1016/j.nut.2006.09.002 
Yamada, K., Abe, T., & Tanizawa, Y. (2007). Black tea stain formed on the surface of teacups and pots. 
Part 2 - Study of the structure change caused by aging and calcium addition. Food Chem, 103(1), 
8-14. doi:10.1016/j.foodchem.2006.05.069 
Yang, C., Wang, B., Wang, J., Xia, S., & Wu, Y. (2019). Effect of pyrogallic acid (1,2,3-benzenetriol) 
polyphenol-protein covalent conjugation reaction degree on structure and antioxidant 
properties of pumpkin (Cucurbita sp.) seed protein isolate. LWT, 109, 443-449. 
doi:https://doi.org/10.1016/j.lwt.2019.04.034 
Yang, C. S., & Landau, J. M. (2000). Effects of tea consumption on nutrition and health. Journal of 
Nutrition, 130(10), 2409-2412. 
Yang, C. S., Wang, H., & Sheridan, Z. P. (2018). Studies on prevention of obesity, metabolic syndrome, 
diabetes, cardiovascular diseases and cancer by tea. Journal of Food and Drug Analysis, 26(1), 1-
13. doi:10.1016/j.jfda.2017.10.010 
Yang, C. S., & Wang, X. (2010). Green tea and cancer prevention. Nutrition and Cancer-an International 
Journal, 62(7), 931-937. doi:10.1080/01635581.2010.509536 
Yang, C. S., Zhang, J. S., Zhang, L., Huang, J. B., & Wang, Y. J. (2016). Mechanisms of body weight 
reduction and metabolic syndrome alleviation by tea. Molecular Nutrition & Food Research, 
60(1), 160-174. doi:10.1002/mnfr.201500428 
Yang, M., Fu, J., & Li, L. (2012). Rheological characteristics and microstructure of probiotic soy yogurt 
prepared from germinated soybeans. Food Technology and Biotechnology, 50(1), 73-80. 
Yang, X. H., Huang, M. J., Qin, C. Q., Lv, B. Y., Mao, Q. L., & Liu, Z. H. (2017). Structural characterization 
and evaluation of the antioxidant activities of polysaccharides extracted from Qingzhuan brick 
tea. International Journal of Biological Macromolecules, 101, 768-775. 
doi:10.1016/j.ijbiomac.2017.03.189 
Yaribeygi, H., Atkin, S. L., & Sahebkar, A. (2019). A review of the molecular mechanisms of 
hyperglycemia-induced free radical generation leading to oxidative stress. Journal of Cellular 
Physiology, 234(2), 1300-1312. doi:10.1002/jcp.27164 
Yazdi, S. Y., Corredig, M., & Dalgleish, D. G. (2014). Studying the structure of beta-casein-depleted bovine 





Ye, J., Fan, F., Xu, X., & Liang, Y. (2013). Interactions of black and green tea polyphenols with whole milk. 
Food Research International, 53(1), 449-455. 
doi:http://dx.doi.org/10.1016/j.foodres.2013.05.033 
Yi, T., Zhu, L., Peng, W. L., He, X. C., Chen, H. L., Li, J., . . . Chen, H. B. (2015). Comparison of ten major 
constituents in seven types of processed tea using HPLC-DAD-MS followed by principal 
component and hierarchical cluster analysis. Lwt-Food Science and Technology, 62(1), 194-201. 
doi:10.1016/j.lwt.2015.01.003 
Yoshihara, D., Fujiwara, N., & Suzuki, K. (2010). Antioxidants: Benefits and risks for long-term health. 
Maturitas, 67(2), 103-107. doi:http://dx.doi.org/10.1016/j.maturitas.2010.05.001 
Yuan, G. F., Zhang, X. J., Tang, W. Y., & Sun, H. Y. (2016). Effect of chitosan coating combined with green 
tea extract on the melanosis and quality of Pacific white shrimp during storage in ice. Cyta-
Journal of Food, 14(1), 35-40. doi:10.1080/19476337.2015.1040459 
Yuksel, Z., Avci, E., & Erdem, Y. K. (2010). Characterization of binding interactions between green tea 
flavanoids and milk proteins. Food Chemistry, 121(2), 450-456. 
doi:http://dx.doi.org/10.1016/j.foodchem.2009.12.064 
Zhang, H., Zheng, J. Y., Liu, X. T., Ding, Q. B., Jiang, L., Guo, H. Y., & Ren, F. Z. (2012). Milk protein and fat 
play different roles in affecting the bioavailability and the antioxidant activity of jujube juice 
phenolics in rats. Molecular Nutrition & Food Research, 56(10), 1511-1519. 
doi:10.1002/mnfr.201200085 
Zhang, R. T., Chen, J. H., Shi, Q., Li, Z. Y., Peng, Z. Y., Zheng, L., & Wang, X. R. (2014). Phytochemical 
analysis of Chinese commercial Ziziphus jujube leaf tea using high performance liquid 
chromatography-electrospray ionization-time of flight mass spectrometry. Food Research 
International, 56, 47-54. doi:10.1016/j.foodres.2013.12.019 
Zhao, B. L. (2003). Antioxidant effects of green tea polyphenols. Chinese Science Bulletin, 48(4), 315-319. 
doi:10.1360/03tb9066 
Zhao, B. L., Li, X. J., He, R. G., Cheng, S. J., & Xin, W. J. (1989). Scavenging effect of extracts of green tea 
and natural antioxidants on active oxygen radicals. Cell Biophysics, 14(2), 175-185. 
doi:10.1007/bf02797132 
Zhao, C. N., Tang, G. Y., Cao, S. Y., Xu, X. Y., Gan, R. Y., Liu, Q., . . . Li, H. B. (2019). Phenolic profiles and 
antioxidant activities of 30 tea infusions from green, black, oolong, white, yellow and dark teas. 
Antioxidants, 8(7). doi:10.3390/antiox8070215 
Zhao, H. F., Fan, W., Dong, J. J., Lu, J., Chen, J., Shan, L. J., . . . Kong, W. B. (2008). Evaluation of 
antioxidant activities and total phenolic contents of typical malting barley varieties. Food 
Chemistry, 107(1), 296-304. doi:10.1016/j.foodchem.2007.08.018 
Zhao, X. Y., Ao, Q., Du, F. L., & Zhu, Q. J. (2011). Conformation analysis of soybean protein in reverse 
micelles by circular dichroism spectroscopy. Food Analytical Methods, 4(3), 268-275. 
doi:10.1007/s12161-010-9162-4 
Zhao, X. Y., Zhu, H. T., Zhang, B. W., Chen, J., Ao, Q., & Wang, X. Y. (2015). XRD, SEM, and XPS analysis of 
soybean protein powders obtained through extraction involving reverse micelles. Journal of the 
American Oil Chemists Society, 92(7), 975-983. doi:10.1007/s11746-015-2657-9 
Zheng, X. Q., Nie, Y., Gao, Y., Huang, B., Ye, J. H., Lu, J. L., & Liang, Y. R. (2018). Screening the cultivar and 
processing factors based on the flavonoid profiles of dry teas using principal component analysis. 
Journal of Food Composition and Analysis, 67, 29-37. doi:10.1016/j.jfca.2017.12.016 
Zhou, X. X., Chen, T., Lin, H. H., Chen, H., Liu, J. H., Lyu, F., & Ding, Y. T. (2019). Physicochemical 
properties and microstructure of surimi treated with egg white modified by tea polyphenols. 
Food Hydrocolloids, 90, 82-89. doi:10.1016/j.foodhyd.2018.07.031 
Zukowski, P., Maciejczyk, M., & Waszkiel, D. (2018). Sources of free radicals and oxidative stress in the 
oral cavity. Archives of Oral Biology, 92, 8-17. doi:10.1016/j.archoralbio.2018.04.018 
 
 
152 
 
